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Abstract 
 
Warmer temperatures associated with climate change are expected to have a direct impact on 
plant pathogens, challenging crops and altering plant disease profiles in the future. In 
Australia, the fungal pathogen Fusarium pseudograminearum associated with causing crown 
rot, a major disease in wheat, has been estimated to cost an average AUD$79 million in 
losses each year. In addition, Fusarium produces a variety of mycotoxins, such as the 
trichothecence deoxynivalenol (DON) in infected tissue. When produced in high 
concentration and consumed by animals and/or humans, DON can cause serious health 
effects. In Australia, a lack of knowledge regarding the effects of individual weather 
variables, such as temperature, on Fusarium crown rot has impeded the development of 
management plans to safeguard the wheat industry from disease under future climates. The 
experiments reported in this thesis were undertaken to: determine the effect of increasing 
temperature on the fitness, of F. pseudograminearum during the saprophytic and pathogenic 
stages of its lifecycle; explore the relationship between temperature and wheat line to 
determine if host resistance plays a part in influencing the overall pathogenic fitness of F. 
pseudograminearum; assess the impact of increasing temperature on crop growth and 
productivity of crown rot infected wheat lines; and to explore the relationship between 
different measures of pathogen fitness, and crop productivity and growth. 
 
F. pseudograminearum has a complex life cycle and focusing on both the saprophytic and 
pathogenic stage offers a more realistic assessment and biologically meaningful 
understanding to overall pathogen fitness. Using temperature controlled incubators 
maintained at four diurnal temperatures 15/15oC, 20/15oC, 25/15oC and 28/15oC, saprophytic 
measures of fitness including mycelial growth and fecundity, in vitro, of F. 
pseudograminearum were determined. Overall, both measures were significantly influenced 
by temperature. Growth was favoured under 25/15oC, whilst fecundity was optimal at 
20/15oC on full strength potato dextrose agar (PDA). As 15/15oC closely resembles current 
wheat farming conditions in the southern wheat belt of Australia these results suggest 
warming could lead to increased saprophytic fitness of F. pseudograminearum. 
 
A temperature controlled glasshouse experiment using the same four diurnal temperatures as 
above, was designed to study the pathogenic fitness of F. pseudograminearum. Measures of 
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disease severity, pathogen biomass and DON of mature plants showed the pathogen had 
superior overall fitness at 15/15oC, and this was reduced with increasing temperature. 
Pathogen fitness was significantly influenced by the level of crown rot resistance of wheat 
lines, but the influence declined with increasing temperature. In addition, this experiment 
found a strong correlation between DON in stem base tissue and disease severity, but length 
of browning was not a good predictor of Fusarium biomass in the stem base. Based on the 
findings from this experiment, warmer temperatures associated with climate change may 
reduce overall pathogenic fitness of F. pseudograminearum.  
 
The temperature controlled glasshouse experiment mentioned above, was also used to 
determine whether increasing temperatures will affect crop productivity (grain weight) and 
growth (tiller length and tiller number) of crown rot infected wheat under future climates. For 
crown rot infected plants, grain weight and tiller length, were highest at the coolest 
temperature treatment of 15/15oC and were reduced with warmer temperatures (20/15oC, 
25/15oC and 28/15oC), whilst tiller number showed the opposite trend. By examining the 
percentage change of the mean grain weight per plant from control versus inoculated plants it 
was found that increasing temperatures may reduce the impact of crown rot yield loss. 
Overall, there were significant correlations between most measures of crop growth and 
productivity of crown rot infected wheat. Furthermore, increasing disease severity was 
associated with a reduction in grain weight in this study.  
 
The results from these experiments have provided significant insight into the effects of 
increasing temperature on an important host-pathogen system in Australia. As the global 
mean surface temperature continues to rise over the 21st century, this study has shown 
Fusarium crown rot may be reduced with careful selection of host cultivars, and improved 
agronomic practices.  
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CHAPTER 1 
 
1   INTRODUCTION AND LITERATURE REVIEW 
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1.1   Introduction  
 
1.1.1   Climate change 
Throughout the Earth’s history, ‘climates’ have changed due to natural variability, and there 
is a strong agreement that climates will continue to change into the future (IPCC, 2013). 
More recently however, the most contentious issue relating to a changing climate is ‘climate 
change’ from anthropogenic effects and how these effects will impact our climate system. 
 
The Earth’s climate system is very complex and is primarily driven by the radiation balance 
of the planet. This is the balance of the incoming solar radiation from the sun, the outgoing 
solar radiation reflected from the Earth and the long-wave radiation from the Earth radiated 
back into space (IPCC, 2013). Without anthropogenic influences, there were, and still are, 
other causes of climate change, such as changes in the Earth’s orbit around the Sun, changes 
in output of the Sun (solar radiation) and changes to atmospheric composition from volcanic 
activity, all altering the radiative balance of the Earth (CSIRO &  BOM, 2015). However, 
more recently an increasing body of evidence indicates that it is ‘extremely likely’, since the 
mid-20th century, that human activities have been the main contribution perturbing the 
radiation balance and thus the climate of our Earth (IPCC, 2013).  
 
Human activities, such as the burning of fossil fuels and clearing of forests, have caused 
increases in the Earth’s atmosphere in the amount of greenhouse gases (i.e. carbon dioxide), 
aerosols (small particles), and cloudiness (IPCC, 2013). Consequently, this has greatly 
intensified the natural greenhouse effect and has led to a substantial net warming influence on 
Earth, more commonly known as ‘global warming’ (IPCC, 2013). 
 
1.1.2   Temperature changes 
According to the International Panel on Climate Change (IPCC, 2013) observational evidence 
from all continents and most oceans show that many natural systems are being affected by 
regional climate changes, particularly temperature increases. The average global combined 
land and ocean surface temperature warmed by around 0.85°C from 1880 to 2012, with a rate 
of around 0.12°C per decade since 1951. There is also evidence to suggest that temperature 
increases are likely to exceed 1.5-2.0°C above pre-industrial temperatures by the end of this 
century (IPCC, 2013). Prior to this industrial era, global temperatures fluctuated for natural 
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reasons (i.e. volcanic activity); however the current changes appear to be more rapid than any 
global-scale changes known before (IPCC, 2013).  
 
In Australia, average surface air temperatures have increased 0.9°C since 1910, with regional 
variations (Figure 1.1) (CSIRO &  BOM, 2015). The frequency of hot days (where maximum 
temperature exceeds the 90th percentile, with respect to the 1961-1990 reference period) is 
projected to increase and the frequency of cold nights (where minimum temperature falls 
below the 10th percentile, with respect to the 1961-1990 reference period) is projected to 
decline (IPCC, 2013). By 2030, the Australian annual average temperature is projected to 
increase 0.6 to 1.3°C, relative to 1986-2005 under a slower emission reduction scenario, and 
for the same emission scenario annual average temperatures are projected to increase by 1.4 
to 2.7°C by 2090 (CSIRO &  BOM, 2015). 
 
 
 
 
Figure 1.1   Annual mean temperature changes across Australia since 1910 (CSIRO &  
BOM, 2015).  
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Currently, research is being directed to the attribution of climate change. For example, the 
recent prolonged drought in southeast Australia has been linked to an increase in the sub-
tropical ridge, i.e. the tropical climate has expanded southward, due to increases in carbon 
dioxide, aerosols, and/or ozone (Murphy &  Timbal, 2008). This has led to an increase in 
temperatures in the wheat growing areas of southeast Australia (Murphy &  Timbal, 2008). 
Such observations show the need to improve our understanding of how plants will respond to 
increasing temperatures and how agriculture can adapt to such scenarios.  
 
1.1.3   Impacts of climate change on plant pathogens and diseases 
Understanding how plant pathogens will respond to a changing climate is important for 
disease management. As confidence in the use of climate change projections/models has 
increased, this understanding around disease epidemiology has become even more important. 
In 1989, a workshop organised by the Bureau of Rural Resources (BRR) and the Australian 
Department of Primary Industries and Energy (DPIE) recognised that climate change poses 
both threats and opportunities for Australian agriculture (Nix, 1990). In agreement with this, 
Chakraborty et al. (1998) discussed that climate change may in fact either reduce, increase or 
have no affect at all on plant disease in Australia. 
      
There seems to be a general agreement that the geographical distribution of plants and their 
associated plant pathogens will be altered by climate change conditions. According to a 
review by Walther et al. (2002), it is evident that there has already been a pole-ward shift of 
some diverse species, both plants and animals, into new locations during the twentieth 
century from climate change. In addition, when plant species migrate into new regions, 
pathogens will follow (Chakraborty et al., 2008, Chakraborty et al., 1998, Chakraborty et al., 
2000, Coakley et al., 1999). However, factors such as the mechanism of dispersal and 
ecology in the new environment will determine how quickly a pathogen will migrate to 
follow their host plants (Chakraborty et al., 1998).  
 
Disease outbreaks occur when climatic conditions are most favourable for the growth, 
survival, and reproduction of the pathogen. A typical example being that an increase in 
temperature can promote the rate of reproduction and spread of many pathogens. This has 
been shown for the pearl millet rust fungus Puccinia substriata (Tapsoba &  Wilson, 1997) 
and the cantaloupe root-infecting fungus Monosporasus cannonballus (Waugh et al., 2003). 
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Most of our knowledge for predicting the impacts of changes in climate on plant diseases to-
date has been derived from experiments into the effects of a single atmospheric variable on 
the host, pathogen or the interaction of both (Scherm &  Coakley, 2003). More recently 
however, studies have started to emerge which consider more realistic future climate change 
conditions (e.g. such as a rising temperature combined with rising CO2 levels).   
         
A study conducted by Shin and Yun (2010) investigated the effects of combined treatments 
of temperature and CO2 on four major diseases of chilli pepper (two fungal, two bacterial). 
The authors found that only the bacterial diseases were significantly affected by a 
combination of elevated temperature and CO2, and upon further investigation, an increase in 
temperature was determined to be the main cause for the accelerated bacterial disease 
progress rather than the elevated CO2 conditions. As chilli pepper is an economically 
important crop in countries including Korea, these results are important because they indicate 
that preparation, such as the breeding of resistant pepper varieties against bacterial diseases, 
will be necessary to overcome more disease serious outbreaks predicted from global 
warming. 
 
To effectively quantify the success of a plant pathogen in an environment, pathologists often 
measure pathogen fitness. Fitness, a term borrowed from population biology, is the ability of 
an organism to survive and reproduce (Crow, 1986). For fungal plant pathogens, this includes 
measures of growth and sporulation. Additionally, other measures such as incidence or 
severity, which assess the ability of individual fungal species to cause disease, are used 
(Pringle &  Taylor, 2002). With complex life cycles, focusing on more than one component 
of fitness offers a more realistic assessment and biologically meaningful understanding to 
overall pathogen fitness (Chakraborty, 2013). Tunali et al. (2012) used 13 fitness measures 
including aggressiveness, saprophytic growth, fecundity and the production of the mycotoxin 
deoxynivalenol (DON) to improve our understanding of the biology of three Fusarium 
species causing crown rot and head blight of wheat in Australia. 
 
1.2   Crown rot: The disease  
Crown rot, or sometimes known as foot rot or root rot, among others, is a major disease of 
wheat (Triticum spp.), caused by several species of the fungal pathogen Fusarium (Burgess et 
al., 2001). The disease is characterised by a distinctive necrosis and dry rot of the crown, 
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basal stem and root tissue (Chakraborty et al., 2006). Browning is an obvious visual symptom 
of the disease which can progress from the base of the plant and up the stem, occasionally as 
high as the fourth or fifth internode of the cereal host (Figure 1.2a). The appearance of 
whiteheads on the reproductive tiller of the host, due to the lack of formation of little or no 
grain is another recognizable symptom of crown rot (Figure 1.2b). In addition, salmon 
coloured sporodochia of the fungus may form on nodes, particularly under leaf sheaths in 
humid conditions (Burgess et al., 2001). 
 
 
 
 
Figure 1.2   Typical visual symptoms of crown rot on wheat: (a) Browning of basal stem 
tissue; (b) White heads at harvest. Both photos are courtesy of CSIRO Agriculture Flagship, 
Wheat Pathology research team.  
 
 
Crown rot is a globally widespread disease as it occurs in most cereal-producing regions of 
the world including Australia (Backhouse et al., 2004, Wildermuth et al., 1997), Europe 
(Pettitt &  Parry, 2001, Rossi et al., 1995), North America (Fernandez &  Zentner, 2005, 
Smiley et al., 2005), South Africa (Lamprecht et al., 2006), west Asia and north Africa 
(Mitter et al., 2006a). Negative impacts are associated with crown rot as the disease 
significantly reduces grain yield and quality. In addition, grains contaminated with the 
mycotoxin deoxynivalenol (DON), following Fusarium infection, can make them unsafe for 
human or animal consumption (Desjardins, 2006).  
 
In Australia, wheat is of high economic importance and is considered the most important crop 
in terms of the gross value of production (Gvp). For the 2014-2015 crop season, the Gvp for 
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wheat is forecast at AUD$8,020 million which represents over 50 per cent of the total Gvp for 
all winter and summer grains and oilseeds in Australia (ABARES, 2014). Currently however, 
crown rot is costing on average AUD$79 million in losses each year (Murray &  Brennan, 
2009). Other estimates report that crown rot has inflicted yield losses of up to 89% in wheat in 
Australia (Klein et al., 1991). The disease is widely distributed within Australian wheat 
growing regions (Akinsanmi et al., 2004) (Figure 1.3), particularly damaging in southern 
Queensland and northern New South Wales (Burgess et al., 1975, Murray &  Brown, 1987, 
Purss, 1969). Hot and dry conditions have promoted its occurrence in these regions (Burgess 
et al., 2001).  
 
 
 
 
Figure 1.3   Australia wheat growing regions (ABARES, 2007). Australian Hard wheat is 
made up of specific hard grained white wheat varieties selected for superior milling 
performance and excellent dough quality. It is segregated at a guaranteed minimum protein 
level of 11.5%. Australian Premium White is hard grained white wheat varieties with high 
milling performance and flour quality, delivered with a minimum protein level of 10.5% 
(Wheat Quality Australia, 2014). 
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1.2.1   Factors influencing crown rot 
The occurrence of crown rot was formally reported for the first time in Queensland, Australia 
in 1966 (McKnight &  Hart, 1966, Purss, 1966). Since then, extensive research has been 
carried out to determine factors which influence crown rot incidence and severity. This has 
included investigations into effects of soil type, inoculum, soil moisture and nutrients. 
 
In Australia, crown rot is most prevalent in heavier soils which are commonly found in areas 
such as central and northern New South Wales and southern Queensland. The association of 
higher crown rot incidence with these types of soils however, probably also reflects other 
features of these regions such as the amount of inoculum. Farming areas of New South Wales 
and Queensland, as like other areas of Australia, commonly practiced and continue to 
practice, ‘no-till’ stubble retention on the soil surface to aid in moisture retention and reduce 
soil erosion (Burgess et al., 2001). As crown rot is thought to essentially be monocyclic, the 
amount of inoculum present at the start of the season is the main determinant of terminal 
incidence. Studies have determined that an increase of crown rot has been associated with the 
practice of retaining stubble, rather than stubble burning or stubble incorporation (Burgess et 
al., 1993, Summerell et al., 1989). 
 
Soil moisture and nutrients appear to influence crown rot incidence and severity. Burgess et 
al. (1975), Klein et al. (1991) and McKnight and Hart (1966) all report that initial crown rot 
infection was favoured by plants grown in low-lying areas which tend to have greater soil 
moisture as opposed to higher, more drier areas. Burgess et al. (1975) and Klein et al. (1991) 
also concluded that wetter conditions in low-lying areas can favour the development of the 
fungus on infected plants, which too can promote crown rot. The application of a nitrogen 
fertiliser may also increase the risk of late season moisture stress leading to the formation of 
whiteheads (Cook, 1980, Papendic.Ri &  Cook, 1974) whereas a zinc application can reduce 
colonisation and severity levels (Sparrow &  Graham, 1988). 
 
Field investigations have shown that records of below average rainfall across an entire 
growing season have resulted in a higher incidence of crown rot. Burgess et al. (1975) found 
that 33% of crops sampled in north eastern New South Wales and south eastern Queensland 
during a survey from 1972 to 1974, were affected by crown rot, with many of these sites 
experiencing dry conditions late in the growing season. This compared to only 4% of crops 
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with crown rot in south eastern New South Wales and northern Victoria, where soil moisture 
was higher throughout the season. Plants which suffer from late season moisture stress during 
flowering and grain-fill periods are prone to the development of ‘whiteheads’. This supports 
the assertion that hot and dry conditions promote crown rot in Australia (Burgess et al., 
2001). 
 
1.2.2   Fusaria associated with crown rot     
Pathogenic members of the genus Fusarium are necrotrophic in their mode of nutrition, 
spending part of their life cycle on dead organic matter such as crop residue. They are 
filamentous fungi, and produce up to three types of spores: macroconidia, microconidia and 
chlamydospores (Nelson et al., 1994). The name ‘Fusarium’ was derived from fusiform (L., 
fusus = spindle), meaning to taper at both ends, and has distinctive canoe- or banana-shaped 
macroconidia, which are produced and considered to be the species hallmark characteristic 
(Seifert, 2001) (Figure 1.4). Since the identification of the genus Fusarium, by Johann H. F. 
Link in 1809 (Desjardins, 2006), taxonomic classification of Fusarium species has been 
challenging and based on subjective morphological characteristics. More recently however, 
fungal taxonomy and phylogenetics have moved towards DNA-based methods and concepts 
(Seifert, 2006). 
 
 
 
 
Figure 1.4   Macroconidia of Fusarium species (courtesy of CSIRO Agriculture Flagship, 
Wheat Pathology research team).  
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In Australia, crown rot of wheat is predominantly caused by Fusarium pseudograminearum 
(formerly known as Fusarium graminearum Group 1; teleomorph Gibberella coronicola), 
although there is also evidence that other Fusarium species, such as F. graminearum and F. 
culmorum, can cause the disease (Akinsanmi et al., 2004, Backhouse et al., 2004, Burgess et 
al., 1975). F. pseudograminearum, like other Fusarium species, are often regarded as 
soilborne or stubbleborne fungi, because of their abundance in soil and their frequent 
association with plant roots, as either parasites or saprobes (Nelson et al., 1994). Their 
widespread distribution may be attributed to the ability of these fungi to grow on a wide 
range of substrates and their efficient mechanisms for dispersal (Burgess, 1981). F. 
pseudograminearum has also been isolated from cereal crops such as maize, barley and oats, 
and many grass genera including Avena, Phalaris, Hordeum, Agrophyron and Bromus (Purss, 
1969).  
 
Fusarium pseudograminearum has a pathogenic life stage, where it can infect, colonise and 
reproduce in and/or on living host tissue, as well as a saprophytic life stage (Tunali et al., 
2012). In the absence of a living host, or when host colonisation is minimised by a resistant 
host, F. pseudograminearum can also survive as a saprophyte, often for an extended period, 
and build its population on dead organic matter (Melloy et al., 2010) as mycelium and 
macroconidia (Burgess &  Griffin, 1968, Wearing & Burgess, 1977). Although many types of 
conidia are produced by F. pseudograminearum, they are considered less important as an 
inoculum source for crown rot, as most infection is believed to occur primarily from hyphae 
(Wearing & Burgess, 1977). In wheat, disease infection occurs through the coleoptile, 
subcrown internode and crown region of the plant at any growth stage, from seedling 
emergence through to maturity (Burgess et al., 2001, Purss, 1966). 
 
Climate appears to be a major limiting factor in the distribution of Fusarium species. Within 
Australia, Backhouse and Burgess (2002) examined the relationship between the distribution 
of Fusarium species which were analysed in terms of climate. They found that F. 
graminearum appears to be restricted to warm temperate and subtropical areas with moderate 
to high rainfall in summer, whereas, the occurrence of F. pseudograminearum did not appear 
to be limited by climate as it was found throughout most of the Australian grain belt. Within 
the eastern Australian grain belt, between 1996 and 1999, wheat crops were surveyed for 
Fusarium species associated with crown rot. To a large extent this survey found that the 
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proportion of isolates strongly correlated with climate parameters of temperature and rainfall, 
with rainfall suggested to have a larger influence (Backhouse et al., 2004). 
 
Fusarium species are also responsible for head blight, another important disease of wheat, 
which is much more widespread, devastating and economically significant throughout the 
world including in parts of Australia, than crown rot (Obanor et al., 2013). Like crown rot, 
many Fusarium species have been associated with Fusarium head blight around the world. In 
Australia, F. pseudograminearum and F. graminearum can cause head blight (Obanor et al., 
2013, Southwell et al., 2003) however the latter species is more commonly associated with 
the disease (Chakraborty et al., 2006). F. graminearum has also been reported to produce 
higher levels of DON in grain tissue when causing Fusarium head blight than crown rot 
(Mudge et al., 2006). 
 
1.2.3   Fusarium mycotoxins 
An additional concern to the diseases caused by this genus is the capability of members of the 
Fusarium genus to produce a variety of mycotoxins which are harmful to both humans and 
animals (Nelson et al., 1994). The predominant Fusarium mycotoxins are: fumonisins, 
moniliformin, zearalenone and trichothecenes, with the latter being regularly associated with 
Fusarium wheat pathogens such as F. pseudograminearum, F. graminearum and F. 
culmorum (Desjardins, 2006). Trichothecenes are potent low molecular weight inhibitors of 
protein synthesis and additionally can cause physical damage to membranes resulting in cell 
lysis (Miller et al., 2001). They are the largest group of mycotoxins produced within the 
Fusarium genus and can be divided into two specific groups: type A and B, based on their 
chemical structure. Type A trichothecenes are represented by diacetoxyscirpenol, which has 
no functional oxygen at the C-8 position, and T-2 toxin, which has an esterified hydroxyl 
group at C-8 (Desjardins, 2006). Type B trichothecenes are particularly important because 
this group contains the most commonly detected Fusarium mycotoxin, DON, (Abouzied et 
al., 1991, Lee et al., 1985, Rotter et al., 1996, Sugiura et al., 1990, Tanaka et al., 1990) 
(Figure 1.5). This toxin has been detected in cereal grains in most parts of the world, 
including Australia (Blaney &  Dodman, 1988, Blaney et al., 1987, Desjardins, 2006, Miller 
et al., 2001). DON producers also make acetyl ester derivatives of DON at the three-, and 15-
position oxygens, thus three trichothecene chemotypes are observed; nivalenol (NIV), 
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3ADON and 15ADON (Goswami &  Kistler, 2004). The NIV chemotype also produces 4-
acetyldeoxynivalneol, an acetylated derivative (Miller et al., 1991). 
 
 
 
 
Figure 1.5   Chemical structure of deoxynivalenol (Hussein &  Brasel, 2001). 
 
 
A major food safety concern arises when grains contaminated with DON exceed levels which 
make them unsafe for human or animal consumption. Furthermore, DON is a highly stable 
compound and can survive various food processing methods (such as milling and powdering) 
(Bhat et al., 2010). DON has also been reported to be present in low amounts in eggs, after 
consumption of contaminated maize by hens (Sypecka et al., 2004, Valenta &  Dänicke, 
2005) and beer, after contaminated grains were used in the brewing process (Scott, 1996). 
Common symptoms of DON toxicity in humans include emesis, diarrhoea, vomiting, 
headache and hallucinations. In general however, the effects of DON on humans are limited 
to case studies. DON has been linked to scabby grain toxicoses in the US, China, Japan and 
Australia, which also caused similar symptoms in humans (Bilgrami &  Choudhary, 1998).  
 
In farm animals reduced feed intake or feed refusal is the most common effect of DON 
toxicity. Feeding trials were conducted by Bergsjø et al. (1992) on the effects of different 
levels of DON in the diet of growing pigs. They observed that pigs which were fed a high 
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concentration of DON in their diets (2 and 4 mg/kg), experienced a dose-related decrease in 
weight gain. In addition, pigs on the 4 mg/kg DON trial were found to have a decrease in 
their feed intake and efficiency of feed utilization. Other animals are susceptible to DON 
toxicity, however their differences in metabolism, absorption, distribution and elimination of 
DON account for their differing sensitivity and overall effect that this toxin has on them. In 
general, DON sensitivity ranking of animal species, which have been evaluated, are from 
most sensitive to least sensitive: pigs, mice, rats, poultry and ruminants (Pestka, 2007). 
  
The production of mycotoxins is highly susceptible to environmental factors. Optimal 
temperatures for mycotoxin production on a variety of substrates for example, have been 
found for some fungi (Sanchis &  Magan, 2004). DON production by F. graminearum was 
optimal at 30oC and by F. culmorum at 26oC. The optimal temperature for DON production 
by F. pseudograminearum is not available in the published literature (unpublished data, R 
Sabburg).  
 
1.3   Management of crown rot and deoxynivalenol 
Effective management of plant diseases and mycotoxins is fundamental to long-term food 
security and safety. Furthermore, regulations relating to mycotoxins have been established in 
many countries to reduce contamination of food and feed to levels that are considered to have 
no significant impact on health (Desjardins, 2006). Given that the majority of Australian 
wheat is exported, shipments exceeding allowable DON levels can be rejected which may 
tarnish Australia’s reputation and future market access.   
 
A changing climate adds to the importance of understanding how disease and mycotoxin 
levels will be influenced by individual and/or combined weather factors. Using climate data 
to forecast crown rot and DON accumulation in cereals is therefore an essential tool to reduce 
the year-to-year risk for farmers and consumers. Prediction models will provide essential 
information so that farmers can make management decisions in advance. The following 
section will give an overview of current crown rot and mycotoxin management strategies, 
regulations and the importance of forecasting disease/DON for a changing climate.  
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1.3.1   Pre- and postharvest practices  
The incidence of crown rot infected plants is influenced by cropping practices. Throughout 
Australia, no tillage and reduced tillage allowing stubble retention are advocated to reduce 
soil erosion and aid in moisture retention during fallows (Wildermuth et al., 1997). These 
practices have replaced the traditional burning or tilling of stubble residues. As Fusarium 
spp. can survive as hyphae in stubble, zero or reduced tilling has led to an increase in crown 
rot incidence in some areas of Australia (Burgess et al., 2001). Summerell et al. (1988) and 
Wildermuth et al. (1997) have reported that the survival of F. pseudograminearum was 
enhanced by the retention of stubble residues on the soil surface which led to an increase in 
crown rot incidence. 
 
Rotation using resistant crops or pastures is another recommended practice for reducing 
inoculum of the crown rot fungus (Burgess et al., 1996, Felton et al., 1998). In northern New 
South Wales, Felton et al. (1998) compared crown rot disease incidence of wheat, which 
followed chickpea rotation, and wheat which followed wheat. The authors reported reduced 
incidence of crown rot in wheat after chickpea, compared with wheat after wheat, which 
supports a large number of observations and studies that show the beneficial effects of a 
break crop. Evidence from an earlier study, has however found that for crown rot in 
Australia, it is necessary for the period of rotation to be a minimum of two years, as F. 
pseudograminearum can survive for periods of two years or longer in stubble (Burgess &  
Griffin, 1968). There is reluctance however for some farmers to adopt this practice because 
this often means the substitution of higher value crops with those of a lesser value. 
 
Shortly after crown rot was first reported in 1966, differences in the susceptibility to the 
disease were found amongst wheat varieties (McKnight &  Hart, 1966, Purss, 1966). 
Subsequently, research began focusing on breeding for crown rot resistance. To date, 
however varieties with high levels of resistance to crown rot are unavailable. Useful 
differences in tolerance to the crown rot fungus have been confirmed in some varieties 
(Burgess et al., 2001). Of current commercially available wheat in Queensland, the 
Department of Employment, Economic Development and Innovation (DEEDI) (2009) 
recommended two varieties (EGA Wiley and Sunco), which show the most resistance to 
crown rot. On a scale of 1-9 (1 = highly susceptible, 9 = highly resistant), EGA Wiley and 
Sunco were rated 6 (moderately resistant) and 5 (moderately resistant to moderately 
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susceptible), respectively. An experimental breeding line from Queensland, 2-49, has also 
been reported as one of the best sources of resistance to crown rot currently available 
(Wildermuth et al., 2001), although this variety is only partially resistant. 
 
1.3.2   Regulation of deoxynivalenol in food and feed 
The risk of mycotoxin contamination can be reduced through public education, extensive 
surveillance and stringent regulations on levels of toxins allowed in foods and feeds 
(Desjardins, 2006). Currently however, only some countries have regulations in place and 
only some mycotoxins are regulated. In 2003, at least 99 countries had mycotoxin regulations 
for food and/or feed which was an increase of approximately 30% compared with 1995 
(FAO, 2004) (Figure 1.6). 
 
 
 
   
Figure 1.6   Countries with and without regulations for mycotoxins in 2003 (FAO, 2004). 
 
 
In 2001 the Joint Expert Committee on Food Additives (JECFA), which is an independent 
international scientific committee administered jointly by the Food and Agriculture 
Organisation (FAO) of the United Nations and World Health Organisation (WHO), 
established a provisional maximum tolerable daily intake for DON of 1 µg/kg bodyweight 
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(FAO &  WHO, 2001). This recommendation followed an extensive review on the subject 
and concluded that intake at this level would not result in effects of DON on the immune 
system, growth, or reproduction (FAO &  WHO, 2001). Other organisations for specific 
countries, such as the United States Food and Drug Administration (FDA), have also 
established maximum limits for DON intake, similar to those recommended by JECFA in 
flour for human consumption (FDA, 2010). The European Union (EU) regulations for DON 
in foods include different maximum levels for unprocessed and processed cereals. Such an 
approach ensures that food business operators apply all possible measures to prevent 
contamination (EU, 2007). 
 
With regards to recommendations for DON in products intended for animal feed, the EU has 
established a set of guidance values. These values state that the maximum level of DON 
found in cereals and cereal products (excluding maize) should be no greater than 8 mg/kg for 
animals with the exception of pigs, calves, lambs and kids whose maximum values are 
considerably lower (EU, 2006). The EU concluded its member states should also increase the 
monitoring for the presence of this toxin in the future. The FDA and the Canadian Food 
Inspection Agency also have guidelines for the presence of DON in domestic animal feeds 
(Miller et al., 2001). The EU has also set maximum levels of DON in foodstuff intended for 
human consumption (Table 1.1). 
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Table 1.1   European Union maximum levels of DON in foodstuffs (EU, 2007). 
 
 
 
In 2003, an international enquiry on mycotoxin regulations was conducted by the National 
Institute for Public Health and the Environment, under contract to the FAO. Information 
gathered found that Australia and New Zealand have recently harmonized their regulations 
for mycotoxins, however currently there is no common limit for DON in cereals for foods 
and feeds (FAO, 2004).  
 
With regards to maximum allowable levels of mycotoxins in foods and feeds for export, the 
Australian Government sets levels in accordance with the international food standards formed 
by the Codex Alimentarius Commission (Codex). These standards are a global reference 
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point for international food trade, which many countries insist on compliance for their 
imports, including those for naturally occurring toxicants in food and feed (DAFF, 2008). 
Following the latest Codex Committee on Contaminants in Foods (CCCF) meeting in April 
2010, the Committee approved new work on maximum levels for DON and its acetylated 
derivatives in cereals and cereal-based products (subject to approval by Codex), which had 
been previously discontinued due to the lack of available occurrence data (CCCF, 2010). 
 
1.3.3   Forecasting crown rot and deoxynivalenol  
The use of modelling systems for forecasting plant disease has become a very important 
management tool. However, to reach the final stages where a model can be used to predict 
plant disease at large scales involves many steps. In brief terms these include: (1) model 
development where information (data) is collected; (2) model analysis; where mathematical 
relationships are formulated and forms the basis of a prediction model, and finally, (3) 
hypothesis testing; which uses the results from model analysis to verify whether the 
hypothesis is valid (van Maanen &  Xu, 2003). Most plant disease models are generally based 
on the combined effects of host susceptibility, inoculum strength and meteorological 
conditions on disease development (Xu, 2003). 
 
Frequent outbreaks of Fusarium head blight around the world generated the development of 
several forecasting models used to predict disease (De Wolf et al., 2003, Del Ponte et al., 
2009, Rossi et al., 2003), however to date, only one model “DONcast” has been validated and 
commercialised to predict Fusarium toxin (DON) contamination in wheat following 
Fusarium head blight infection (Schaafsma &  Hooker, 2007). In general, agreement between 
observed and predicted values has been satisfactory. Environmental effects were found to 
account for 48% of the variation in DON using “DONcast”, followed by variety (27%) and 
previous crop (14 to 28%) (Schaafsma & Hooker, 2007). As with most models used for 
predicting plant disease/toxins, “DONcast” has its limitations. “DONcast” is largely 
dependent on the accuracy of weather forecasts and the timing of the last critical weather 
period needs to be synchronized more accurately with crop development rather than a fixed 
time period relative to wheat heading (Schaafsma &  Hooker, 2007).  
 
Although several models have been developed to predict Fusarium head blight, currently 
there is little or no information on the development of prediction models for crown rot 
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infection and/or DON production. In review of the literature, only one model forecasting the 
risk of crown rot in wheat crops could be found (Backhouse, 2006). In this study, Backhouse 
(2006) analysed published data from long-term trials at Moree, New South Wales (1989-
1996), and Billa Billa, Queensland (1986-1996) to determine the factors that influence the 
incidence of crown rot caused by F. pseudograminearum, in successive stubble-retained, no-
till wheat crops. Results demonstrated the feasibility of a forecasting system for crown rot 
however further work in a number of areas is still required before such a model could be 
adopted.   
 
With future climate change projections evident, there is also a strong need for the 
development of models to link disease prevalence or severity to long-term climate data, rather 
than just short-term weather data (Chakraborty et al., 2008). In terms of crown rot and DON, 
this will prove particularly important for developing long term management strategies to 
protect crops from disease outbreaks and potentially harmful mycotoxin contamination.  
 
1.4   Project rationale and aims 
Warmer temperatures associated with climate change are expected to have a direct impact on 
plant pathogens, challenging crops and altering plant disease profiles in the future. In review 
of the literature however, there is little published information regarding the precise effects of 
individual weather variables, such as temperature, on the fitness of F. pseudograminearum. 
Furthermore, the influence of crown rot on crop productivity and growth under increasing 
temperatures is poorly understood. Thus the overall goal of this research was to improve our 
understanding of the impact of increasing temperatures on the fitness of F. 
pseudograminearum and how this impacts on crown rot. This is essential to strategise 
management plans and safeguard the Australian wheat industry from disease under future 
climates.  
 
The specific aims of this Masters project were to: 
1. Determine the effect of increasing temperature on the fitness of F. 
pseudograminearum during the saprophytic and pathogenic stages of its lifecycle.  
2. Explore the relationship between temperature and wheat line to determine if host 
resistance plays a part in influencing the overall pathogenic fitness of F. 
pseudograminearum.   
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3. Assess the impact of increasing temperature on crop growth and productivity of 
crown rot infected wheat lines.  
4. Explore the relationship between different measures of pathogen fitness, and crop 
productivity and growth.  
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CHAPTER 2 
 
2   SAPROPHYTIC FITNESS OF FUSARIUM 
PSEUDOGRAMINEARUM UNDER INCREASING 
TEMPERATURE 
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2.1   Abstract 
Fusarium pseudograminearum is a stubble-borne fungus and is the predominant pathogen 
causing crown rot in wheat in Australia. The impact of warmer temperatures, associated with 
climate change, on saprophytic fitness of the fungus is not well known. Here I report how 
four diurnal temperatures of 15/15oC, 20/15oC, 25/15oC and 28/15oC, influence mycelial 
growth and fecundity, which have been used as measures of saprophytic fitness, of F. 
pseudograminearum in vitro. The effects of culture media strength as determined by the 
quantity of potato dextrose agar (PDA), on both measures of saprophytic fitness have also 
been reported. Overall, temperature significantly affected growth and fecundity of Fusarium. 
Growth was favoured under 25/15oC, whilst fecundity was optimal at 20/15oC on full 
strength media. As 15/15oC closely resembles current wheat farming conditions in the 
southern wheat belt of Australia these results suggest warming could lead to increased 
saprophytic fitness of F. pseudograminearum which should be considered in future crown rot 
management. 
 
2.2   Introduction 
The ascomycete Fusarium pseudograminearum (formerly known as Fusarium graminearum 
Group 1; telemorph Gibberella coronicola) is a stubble-borne fungal pathogen and is the 
predominant Fusarium species causing crown rot of wheat in Australia (Backhouse et al., 
2004). The fungus is responsible for reducing crop yields by up to 89% (Klein et al., 1991) 
and currently costs the Australian wheat industry an average of AUD$79 million in losses 
each year (Murray &  Brennan, 2009). F. pseudograminearum can also affect grain quality 
through the production of potentially harmful mycotoxins such as deoxynivalenol and 
nivalenol (Desjardins, 2006).   
 
Temperature has been reported to significantly influence the growth of many Fusarium spp. 
worldwide. Fusarium culmorum, F. graminearum and F. poae for example grow best in vitro 
at 25oC, whist F. avenaceum requires a cooler temperature of 20oC for optimal growth 
(Brennan et al., 2003). The optimum temperature for in vitro growth of F. 
pseudograminearum has been reported across a fairly broad temperature range of 10-30oC 
(Singh et al., 2009). In the same study, the fungus appeared to also grow faster under drier 
conditions (-1 MPa and lower), however did not grow at 5 or 35oC (Singh et al., 2009). These 
results appear to be similar to those reported earlier by Wearing and Burgess (1979) for the 
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growth of F. pseudograminearum in vitro. Although F. pseudograminearum can grow 
between 10-30oC, the temperature at which maximum growth occurs, between this specific 
temperature range, has not been reported.   
  
The distribution of Fusarium crown rot species around the world is often linked with climate. 
Backhouse et al., (2004) for example found that F. pseudograminearum was frequently 
isolated from crown rot infected crops from several Australian states including Queensland, 
New South Wales, Victoria and South Australia. F. culmorum however was limited to 
Victoria and South Australia where weather conditions were cooler during the growing 
season and higher rainfalls were recorded compared to other grain growing regions. In 
Montana, USA, Moya-Elizondo et al. (2011) also found that F. culmorum dominated as a 
crown rot pathogen in cooler areas, whilst the proportion of infection by F. 
pseudograminearum was positively correlated with warmer maximum temperatures during 
the summer months. F. pseudograminearum is frequently associated with crown rot disease 
in agricultural areas in Australia where warm temperatures and dry soil conditions during the 
growing season are experienced (Burgess et al., 2001, Cook &  Christen, 1976).  
 
Spore production via asexual or sexual reproduction is common to almost all fungi and is 
influenced by different conditions, including weather variables (e.g. temperature and 
moisture) (Little et al., 2012). This was demonstrated in a recent in vitro study by Rossi et al. 
(2009) where temperature and the length of incubation time significantly influenced 
sporulation of F. verticillioides, the causal agent of maize ear rot. In this study, temperature 
was found to be the most influential factor affecting spore production (Rossi et al., 2009). 
Rossi et al. (2009) also reported that spores were produced across a wide range of 
temperatures (5-45oC) with optimal production at 30oC. In another study, Paul et al. (2007) 
showed that for the dominant head blight pathogen in North America, F. graminearum, the 
number of spores sampled from wheat spikes was also significantly related to weather 
variables including air temperature and rain intensity. Spore production amongst three 
important crown rot pathogens in Australia, including F. pseudograminearum, was 
investigated in a recent study by Tunali et al. (2012) where the fungi had been grown on PDA 
at 25oC. In this study, Tunali et al. (2012) found that spore production was significantly 
different for the three species and also for isolates within each species, and overall being 
lowest for F. pseudograminearum. The optimum temperature for spore production has been 
reported for several other Fusarium spp. (32oC for F. culmorum and F. graminearum; 28oC 
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for F. avenaceum) (Rossi et al., 2002), to date however, there has been no attempt in the 
literature to describe the effect of increasing temperatures, on spore production of F. 
pseudograminearum.  
 
F. pseudograminearum is a necrotrophic pathogen that has a pathogenic life stage, where it 
can infect, colonise and reproduce in and/or on living host tissue, as well as a saprophytic life 
stage (Tunali et al., 2012). In the absence of a living host or when host colonisation is 
minimised by a resistant host, F. pseudograminearum can also survive, often for an extended 
period, and build its population on dead organic matter during its saprophytic stage (Melloy 
et al., 2010). F. pseudograminearum survives saprophytically as mycelium and macroconidia 
on crop debris (Burgess &  Griffin, 1968, Wearing &  Burgess, 1977). An alternative form of 
survival via perithecia has on occasion been reported in the field under wet conditions 
however the perithecia lack fertility (Aoki &  O’Donnell, 1999, Francis &  Burgess, 1977, 
Purss, 1969). In culture, F. pseudograminearum does not form fertile perithecia with some 
reports suggesting that this is because this species is in the process of losing the ability to 
reproduce sexually (Francis &  Burgess, 1977). 
 
By the end of this century, global temperatures are predicted to exceed 1.5-2.0oC above pre-
industrial temperatures (IPCC, 2013). Therefore the objective of this study was to determine 
the influence of temperature, on selected measures of saprophytic fitness of F. 
pseudograminearum including mycelia growth and fecundity. The effects of temperature on 
these measures will give an indication of how warmer temperatures under climate change 
may influence the natural dissemination of the pathogen and of its subsequent impact on 
crown rot disease. 
 
2.3   Materials and methods 
 
2.3.1   Mycelial growth and fecundity 
This experiment was conducted in temperature controlled illuminated refrigerated incubators 
(Model, TRIL-495-1-SD, Thermoline Scientific, Australia) to assess mycelial growth and 
fecundity of a highly aggressive isolate of F. pseudograminearum, under four different 
diurnal temperature treatments. The specific isolate, CS3427, of F. pseudograminearum used 
in this study was originally collected from field surveys of infected wheat crops (crown 
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tissue) in eastern Australia and maintained in the CSIRO culture collection (Chakraborty et 
al., 2010). Culture stocks of the isolate are regularly maintained by re-isolating the fungus 
from wheat plants of a highly susceptible line to avoid loss of pathogenicty. Methods to 
assess mycelial growth and fecundity were followed according to Tunali et al. (2012) with 
some modifications. The four treatments were 15/15oC, 20/15oC, 25/15oC and 28/15oC (± 
1oC) with a 14 h daily/10 h nightly, time period. During the day period, cool white 
fluorescent lighting was provided (F36W/840 GE Polylux). Three of the daily temperature 
components, 15/15oC, 20/15oC and 25/15oC, reflected the range of average maximum 
temperatures (based on a standard climatology 1961-1990) of the various wheat-growing 
regions across Australia (BOM, 2009). These regions included: the temperate climate of 
central New South Wales through to Victoria and South Australia; the Mediterranean climate 
of the south western corner of Western Australia; and the subtropical climate of central and 
southern Queensland through to northern New South Wales. By including 28/15oC, the daily 
components of the four temperature treatments represent a gradual rise in temperature, as 
well as simulating future warming scenarios. The night time temperatures (minimum) over 
the last 50 years in the large majority of wheat growing regions across Australia, have not 
shown an increasing temperature trend in all seasons (Murphy &  Timbal, 2008). Therefore, 
as not all Australian wheat growing areas will behave the same, minimum temperatures were 
fixed at a nominal value of 15oC in this study.  
 
For each temperature treatment, a 4 mm diameter core taken from the edge of an actively 
growing 10-day-old culture on full strength PDA was inoculated in the centre of six replicate 
full strength PDA plates (90 mm). The diameter of mycelial growth was then measured to the 
nearest mm at two perpendicular lines passing through the point of inoculation for each 
replicate. Measurements were taken at approximately the same time each day at 3, 5 and 7 
days after inoculation (Figure 2.1). Mycelial growth on full strength PDA reached the edge of 
each plate by day 7 and subsequently these data were given a value of 90 mm reflecting the 
maximum diameter of the PDA plate. Results were also used to calculate the rate of mycelia 
growth per day (mm day-1). After 10 days, spores were collected by adding 5 ml of sterile 
water to individual cultures, then gently scraping the agar surface with a sterile L-shaped 
glass rod, and then filtering the subsequent spore suspension through Mira cloth 
(Calbiochem, Merk KGaA, Damstadt, Germany). Spore concentration was determined using 
a haemocytometer, and fecundity was expressed as the number of spores per mL-1. The whole 
experiment was repeated once with different temperatures being reassigned to each incubator. 
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Figure 2.1   Mycelial growth of Fusarium pseudograminearum, CS3427, 5 days after 
inoculation on different strength potato dextrose agar (PDA) and under different temperature 
treatments; (a) 15/15oC; full strength PDA (b) 15/15oC; quarter strength PDA (c) 20/15oC; 
full strength PDA (d) 20/15oC; quarter strength PDA (e) 25/15oC; full strength PDA (f) 
25/15oC; quarter strength PDA (g) 28/15oC; full strength PDA (h) 28/15oC; quarter strength 
PDA. 
 
 
2.3.2   Statistical analysis 
The R statistical package was used to perform a preliminary analysis using an analysis of 
variance (ANOVA) for linear model fits, to determine whether data from the two 
experimental runs could be pooled prior to analysis (R Core Team, 2013). In cases where 
experimental repeats were not significantly different (P > 0.05) data were combined for 
statistical analysis. The influence of warming and media on mycelial growth and fecundity of 
F. pseudograminearum were then assessed using ANOVA for linear model fits in the R 
environment (R Core Team, 2013). To stabilize variance before analysis the log 
transformation ’log(1+x)’, where x is fecundity, was used on data from fecundity 
measurements. Pairwise treatment mean differences were determined by a Tukey test using 
package ‘multcomp’ (Hothorn et al., 2008). The criterion for significance was P < 0.05.   
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2.4   Results 
 
2.4.1   Mycelial growth  
The fungal isolate, CS3427, was able to grow under all temperature treatments with optimal 
mycelial growth at 25/15oC for each time point measured. The diameter of mycelial growth 
was smaller on quarter PDA compared to full strength PDA for each temperature and time 
point. Overall, temperature significantly influenced mycelial growth of F. 
pseudograminearum on PDA (Table 2.1). PDA strength also significantly affected the 
mycelial growth of F. pseudograminearum, CS3427 however there was no significant 
interaction between temperature and PDA (Table 2.1). 
 
 
Table 2.1   Results of ANOVAS for the effects of temperature and potato dextrose agar 
(PDA) strength on mycelial growth (colony diameter) and fecundity (spore concentration) of 
Fusarium pseudograminearum, CS3427. P-values were determined on data from four 
different temperature treatments and on full and quarter strength PDA.  
 
 Notes:  Where experimental repeats (Experiment 1 and Experiment 2) were not significantly 
different (P > 0.05) data were combined for statistical analysis. 
Significant P-values are given in bold. 
 
  
In general as observed by Figure 2.2, mycelial growth rate followed a similar trend in 
response to temperature on both levels of strength of PDA and for each time point, with the 
exception of day 7 on full strength PDA. Growth rate was slowest at 15/15oC and increased 
Df Sum Sq Mean Sq F P
Mycelial growth
     Temperature 3 16290 5430 15.85 <0.0001
     PDA 1 35047 35047 102.32 <0.0001
     Temperature x PDA 3 350.00 117.00 0.34 0.80
Fecundity
     Temperature 3 33355 11118 9.33 <0.0001
     PDA 1 12760 12760 10.71 <0.001
     Temperature x PDA 3 30709 10236 8.59 <0.0001
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with temperature until 25/15oC, and then decreased as temperature increased to 28/15oC 
(Figure 2.2). Generally, growth rate of F. pseudograminearum was faster on full strength 
PDA compared with quarter strength PDA for all days across all temperatures (Figure 2.2). 
Overall, average growth rate on full PDA was 11.9 mm day-1 whilst on quarter PDA it was 
8.7 mm day-1. 
 
 
 
 
Figure 2.2   Influence of temperature on the mean mycelia growth rate (mm day-1) of 6 
replicates, as assessed by diameter of colony of Fusarium pseudograminearum, CS3427, on 
full and quarter strength potato dextrose agar (PDA). Measurements were taken at 3, 5 and 7 
days post inoculation. Mycelial growth on full strength PDA reached the edge of each plate 
by day 7 and subsequently these data were given a value reflecting the maximum diameter of 
the PDA plate. Bars represent standard error of the mean. 
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2.4.2   Fecundity 
Overall, temperature significantly influenced the fecundity of F. pseudograminearum, 
CS3427, on PDA (Table 2.1). As observed by Figure 2.3, a significantly (P < 0.05) higher 
concentration of spores (9.8 x 103 spores mL-1) were produced after 10 days at 20/15oC on 
full strength PDA compared to any other treatment and PDA combination. The fecundity on 
quarter strength PDA was highest at the warmest temperature in this experiment (28/15oC) 
and decreased as temperature became cooler (Figure 2.3).  
 
PDA strength had no significant influence on overall fecundity however there was a 
significant interaction between PDA and temperature (Table 2.1). Fecundity was considered 
statistically similar on full and quarter PDA under 15/15oC and 25/15oC (Figure 2.3).  
 
 
 
 
Figure 2.3   Influence of temperature on fecundity (spores mL-1 x 103) of Fusarium 
pseudograminearum, CS3427. Measurements were taken 10 days post inoculation on full and 
quarter strength PDA. Letters indicate significant differences between treatments based on a 
Tukey pairwise analysis. Bars represent standard error of the mean. 
 30 
 
2.5   Discussion 
The present study reports on the influence of warmer temperatures on the saprophytic fitness 
of F. pseudograminearum, the predominate crown rot pathogen in Australia (Burgess et al., 
2001). Results showed that temperature significantly affected the measures of saprophytic 
fitness including mycelial growth rate and fecundity of the pathogen. Of the four temperature 
regimes tested, growth was favoured at 25/15oC, whilst fecundity was optimal at 20/15oC and 
28/15oC on full and quarter strength PDA, respectively. As 15/15oC closely resembles current 
wheat farming conditions in the southern wheat belt of Australia these results suggest 
warming could lead to increased saprophytic fitness of F. pseudograminearum. Although 
only one isolate of F. pseudograminearum was used in this study, CS3427, previous studies 
demonstrated that while there was variability in the aggressiveness among Australian F. 
pseudograminearum and F. graminearum isolates causing crown rot (Tunali et al., 2012), 
there was no evidence of specialization among the isolates (Chakraborty et al., 2010). 
Therefore, a single highly aggressive isolate, such as CS3427, is sufficient for resistance 
screening, and to demonstrate the potential impact of environmental conditions on the F. 
pseudograminearum-host interaction. PDA strength also significantly influenced mycelial 
growth however it did not affect overall fecundity. For each temperature treatment, the 
measure of fecundity was dependent on the strength of the PDA. Measures of saprophytic 
fitness in this study were differentially affected by temperature which should be taken into 
consideration when targeting pathogen weaknesses under climate change. 
  
In agreement with Singh et al. (2009), this study found that F. pseudograminearum can grow 
in vitro under a fairly broad temperature range (15/15oC-28/15oC). Generally, the temperature 
range for fungal growth of many plant pathogens is quite wide however optimal growth 
usually occurs at a much more specific temperature (Walker &  White, 2011). Conditions 
most favourable for pathogen growth were at the warmer temperature of 25/15oC on both full 
and quarter PDA in this study. These results are consistent with the temperature reported for 
optimal growth of the closely related species; F. graminearum and F. culmorum (Brennan et 
al., 2003). The rate of saprophytic colonisation of F. pseudograminearum on wheat straw 
was faster at 25oC, when compared to 15oC (Tunali et al., 2012).  
 
Overall, the rate of growth of F. pseudograminearum was slowest at 15/15oC, which closely 
resembles current wheat farming conditions in the southern wheat belt of Australia, and 
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increased with temperature up to 25/15oC. This suggests warming has a positive impact on 
fungal growth of F. pseudograminearum during its saprophytic stage. The rate of growth of 
F. pseudograminearum appeared to slow with temperatures above 25/15oC in this study. 
Across all temperature treatments, F. pseudograminearum grew faster on full strength PDA 
compared to quarter strength PDA on each day measured. Filamentous fungi colonising 
nutrient-rich substrate are able to branch more frequently, producing dense mycelia for 
resource exploitation than when colonising nutrient-poor substrate which could be an 
explanation for these results (Walker &  White, 2011).  
 
The analysis of fecundity in this study showed that optimal temperature conditions for 
mycelial growth were not optimal for spore production. Fecundity of F. pseudograminearum 
was highest after 10 days of incubation at 20/15oC on full strength PDA. This suggests that 
the fungus requires a slightly cooler temperature, than the temperature required for optimum 
growth (25/15oC), to maximise its fecundity when there is an availability of nutrients. More 
vegetative growth therefore does not necessarily lead to increased sporulation. When 
nutrients were more limiting in our study by using quarter strength PDA, F. 
pseudograminearum produced more spores at 28/15oC, the warmest temperature. Often, 
sporulation is induced by fungi as a survival mechanism by environmental stress/s such as 
high temperatures and/or when key nutrients are exhausted (Su et al., 2012). In a study 
conducted by Winder (1999), a depletion in nutrients as a result of older agar cultures, was 
suggested to be a reason for greater production of macroconidia by F. avenaceum. Meyers 
and Cook (1972) also found that the depletion of organic carbon as the energy source 
stimulated chlamydospore formation in Fusarium solani.  
 
Although the production of spores is an important characteristic of fungi during their life 
cycle, the role of F. pseudograminearum conidia in crown rot is relatively minor (Mitter et 
al., 2006b). Primarily, F. pseudograminearum infects the basal stem region of a plant as 
hyphae from infested crop residue (Burgess et al., 2001). The management of stubble where 
Fusarium survives saprophytically as mycelium and macroconidia during intercrop fallow 
(Backhouse & Burgess, 2002, Summerell et al., 2001), will therefore be an important method 
of controlling crown rot particularly in Australia where reduced tillage or no-tillage farming 
is a common practice. In conclusion, this study shows that saprophytic fitness of F. 
pseudograminearum will be influenced by warming under future climate change. Increased 
saprophytic growth with warmer temperatures, may lead to increased levels of inoculum, 
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even if conidia production, during the saprophytic stage of the pathogens life cycle, is 
reduced. I have also shown that the response of F. pseudograminearum to nutrients has an 
effect on its saprophytic fitness.  
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3   CHANGING FITNESS OF A NECROTROPHIC PLANT 
PATHOGEN UNDER INCREASING TEMPERATURE 
  
Changing fitness of a necrotrophic plant pathogen under
increasing temperature
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Abstract
Warmer temperatures associated with climate change are expected to have a direct impact on plant pathogens, chal-
lenging crops and altering plant disease profiles in the future. In this study, we have investigated the effect of increas-
ing temperature on the pathogenic fitness of Fusarium pseudograminearum, an important necrotrophic plant pathogen
associated with crown rot disease of wheat in Australia. Eleven wheat lines with different levels of crown rot resis-
tance were artificially inoculated with F. pseudograminearum and maintained at four diurnal temperatures 15/15°C,
20/15°C, 25/15°C and 28/15°C in a controlled glasshouse. To quantify the success of F. pseudograminearum three fit-
ness measures, these being disease severity, pathogen biomass in stem base and flag leaf node, and deoxynivalenol
(DON) in stem base and flag leaf node of mature plants were used. F. pseudograminearum showed superior overall fit-
ness at 15/15°C, and this was reduced with increasing temperature. Pathogen fitness was significantly influenced by
the level of crown rot resistance of wheat lines, but the influence of line declined with increasing temperature. Lines
that exhibited superior crown rot resistance in the field were generally associated with reduced overall pathogen fit-
ness. However, the relative performance of the wheat lines was dependent on the measure of pathogen fitness, and
lines that were associated with one reduced measure of pathogen fitness did not always reduce another. There was a
strong correlation between DON in stem base tissue and disease severity, but length of browning was not a good pre-
dictor of Fusarium biomass in the stem base. We report that a combination of host resistance and rising temperature
will reduce pathogen fitness under increasing temperature, but further studies combining the effect of rising CO2 are
essential for more realistic assessments.
Keywords: Climate change, crown rot, disease severity, fungal biomass, Fusarium pseudograminearum, mycotoxin, pathogen fit-
ness, temperature, wheat
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Introduction
The Earth’s climate is changing. Over the past century,
instrumental observations have shown that the global
combined land and ocean surface temperature has risen
about 0.85°C primarily due to an increase in the concen-
tration of greenhouse gases in the atmosphere (IPCC,
2013). There is scientific evidence to suggest that not
only are temperature increases likely to exceed 1.5–
2.0°C above pre-industrial temperatures by the end of
this century, but we will see important regional
changes in precipitation patterns and the frequency of
extreme weather events (IPCC, 2013). The increase in
temperatures is expected to have a direct impact on
plant pathogens, challenging crops and altering plant
diseases of the future.
Plant pathogens make up an important component of
our natural ecosystem, changing structure, species
composition and the evolution of plant communities
(Chakraborty, 2013). With favourable environmental
conditions and a suitable host, plant pathogens can also
cause devastating loss to the agricultural industry. Each
year, 10–16% of crops are lost to plant disease alone,
costing a total of US $220 billion worldwide (Chakr-
aborty & Newton, 2011). In Australia, where wheat is
of high economic importance, necrotrophic leaf fungi
are reported to have the greatest impact on production
with losses estimated at $322 million each year. This is
followed by nematodes ($199 million year1), root and
crown fungi ($196 million year1), biotrophic leaf fungi
($150 million year1) and viruses ($28 million year1)
(Murray & Brennan, 2009b).
Research on the effects of climate change on patho-
gen behaviour has received little attention so far. With
the analysis of historical data, predictive modelling and
new experimental studies emerging, it is evident that
climate change may have positive, negative or neutral
effects on plant pathogens depending on the host–path-
ogen combination. Anthropogenic climate warming, for
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example, has been linked to the emergence of plant
pathogens in areas of the world not seen before (Fabre
et al., 2011), along with a pole-ward shift and/or exten-
sion of some species into new locations (Walther et al.,
2002; Woods et al., 2005). Warmer conditions have, con-
currently, been associated with reduced impact of sev-
eral fungal pathogens on crop diseases (Fuhrer, 2003),
whilst causing an increased impact on disease by other
pathogens (Sharma et al., 2007).
The success of a plant pathogen is determined by its
biological traits and the environment where the patho-
gen and host exists, which ultimately will be influenced
by climate change. Warmer temperatures that shorten
developmental stages of crops for instance may reduce
the period of infection for biotrophic pathogens (Ghini
et al., 2008). Conversely, many necrotrophs under
warming will have better conditions to complete all
stages in their life cycle leading to increased infection
rates and subsequent development of plant disease
(Siebold & Von Tiedemann, 2012). Climate change may
also affect pathogen success through changes to host
physiology and resistance. Under elevated CO2 condi-
tions, McElrone et al. (2005) reported reduced disease
incidence and severity of Phyllosticta minima, a fungal
pathogen of red maple, which was suggested to be due
to a combination of reduced stomata opening and
altered leaf chemistry. Similarly, Plessl et al. (2007)
reported that elevated CO2 enhances resistance of
potato leaves towards Phytophthora infestans which was
apparent from reduced visual disease symptoms and
less fungal biomass. This was suggested to be most
likely due to a change in the nutritive quality of leaf tis-
sue and/or in the induction of defence responses.
To effectively quantify the success of a plant patho-
gen in an environment, pathologists often measure
pathogen fitness. The term fitness, borrowed from pop-
ulation biology, is the ability of an organism to survive
and reproduce (Crow, 1986). For plant pathogens, this
includes measures of growth and sporulation. Addi-
tionally, other measures such as incidence or severity
that assess the ability of individual fungus to cause dis-
ease are used (Pringle & Taylor, 2002). With complex
life cycles, focusing on more than one component of fit-
ness offers a more realistic assessment and biologically
meaningful understanding to overall pathogen fitness
(Chakraborty, 2013). Tunali et al. (2012) used 13 fitness
measures including aggressiveness, saprophytic
growth, fecundity and the production of the mycotoxin
deoxynivalenol (DON) to better understand the biology
of three Fusarium species causing crown rot and head
blight of wheat in Australia.
To assess potential disease risks and improve our
knowledge of pathogen strengths, flexibility, weakness
and vulnerability under climate change, a better under-
standing of how pathogen fitness will be influenced is
paramount. For Fusarium pseudograminearum, the pre-
dominant pathogen causing crown rot of wheat in Aus-
tralia (Burgess et al., 2001; Chakraborty et al., 2006), this
is essential to strategise management plans and safe-
guard the Australian wheat industry from disease
under future climates.
Currently, crown rot ranks in the top five most dam-
aging wheat diseases in Australia (Murray & Brennan,
2009a), significantly reducing crop yields and grain
quality, and costing an average of AU$79 million in
losses each year (Murray & Brennan, 2009b). Other
Australian estimates project yield losses due to crown
rot of up to 89% in wheat (Klein et al., 1991). F. pseudog-
raminearum infects through the crown region of the
wheat plant at any growth stage from seedling emer-
gence to maturity and survives in stubble as a saprobe,
serving as inoculum for the next season’s crop (Ak-
insanmi et al., 2004).
Environmental conditions are well known to influ-
ence Fusarium crown rot (Klein et al., 1989; Smiley et al.,
2005), with agricultural areas experiencing warm tem-
peratures and dry soil conditions during the growing
season conducive for the disease (Cook & Christen,
1976; Burgess et al., 2001). Browning is an obvious visual
symptom progressing from the base of the plant up the
stem and is commonly used to determine the severity of
the disease (Purss, 1966; Wildermuth & McNamara,
1994), or aggressiveness of the fungus (Tunali et al.,
2012). Other measures of crown rot severity include the
appearance of whiteheads, resulting in the lack of for-
mation of little or no grain (Klein et al., 1990), estimation
of pathogen biomass (Melloy et al., 2010) and mycotoxin
production (Obanor & Chakraborty, 2014). Mycotoxins
produced by Fusarium spp., such as DON and nivalenol,
become a major concern for food safety when infected
tissue exceeds levels that make them unsafe for human
or animal consumption (Desjardins, 2006).
The use of resistant or tolerant host cultivars is a
widely practiced management tool in the agricultural
industry for reducing the attack of pathogens on plants.
For crown rot, however, a high level of resistance
amongst wheat lines has not yet been found (Burgess
et al., 2001) and may prove to be less effective for con-
trolling necrotrophic invasions due to their ability to
‘bounce back’ during the saprophytic stage of their life
cycle (Chakraborty, 2013). In addition, Chakraborty
(2013) suggests that due to the mounting evidence of
climate change, minimizing necrotrophic fitness to
reduce disease will be even more of a challenge.
This current research investigates whether the patho-
genic fitness, defined as a measure of survival and
reproductive success of F. pseudograminearum causing
crown rot in wheat, is influenced by temperature under
© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3126–3137
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experimental conditions. In addition, we explore the
relationship between temperature and wheat line to
determine whether host resistance plays a part in influ-
encing the overall fitness of this pathogen. To offer a
more realistic assessment, we have included estimations
of pathogen biomass and mycotoxin production at plant
maturity, in addition to disease severity, as measured
as stem base browning. A comprehensive analysis of
these measures, under future warming conditions, for
F. pseudograminearum has not been reported in the liter-
ature to date nor the relationship between them.
Materials and methods
Plant growth conditions, plant material and inoculation
This experiment was conducted in temperature-controlled
glasshouses at the Queensland Crop Development Facility,
Department of Agriculture, Fisheries and Forestry (DAFF),
Cleveland, Queensland, Australia, in which eleven lines of
wheat were grown under four different diurnal temperature
treatments of 15/15°C, 20/15°C, 25/15°C and 28/15°C (1°C)
with a 14 h day/10 h night time period. The whole experi-
ment was repeated once, and the temperature treatments in
the four glasshouses were randomly assigned to each treat-
ment. The daily temperature component of the three treat-
ments, 15/15°C, 20/15°C and 25/15°C, reflected the range of
average maximum temperatures (based on a standard clima-
tology 1961–1990) of the various wheat-growing regions
across Australia (BOM, 2009). These regions included the tem-
perate climate of central New South Wales through to Victoria
and South Australia; the Mediterranean climate of the south-
western corner of Western Australia; and the subtropical cli-
mate of central and southern Queensland through to northern
New South Wales. By including 28/15°C, the daily compo-
nents of the four temperature treatments represent a gradual
rise in temperature, as well as simulating future warming sce-
narios. The night-time temperatures (minimum) over the last
50 years in the large majority of wheat-growing regions across
Australia have not shown an increasing temperature trend in
all seasons (Murphy & Timbal, 2008). Therefore, as not all
Australian wheat-growing areas will behave the same, mini-
mum temperatures were fixed at a nominal value of 15°C in
this study. Mean relative humidity was recorded at 74/87%,
69/84%, 71/86%, 63/84% ( 5%) with a 14 h day/10 h night
time period for temperature treatments 15/15°C, 20/15°C, 25/
15°C and 28/15°C, respectively. Lines were selected based on
a range of known susceptibilities and resistance to crown rot;
these were commercially available lines EGA Wylie, Frontana,
Janz, Kennedy, Lang, Sunco and Tamaroi; CSIRO experimen-
tal lines E17, E34 and L22397-120; and an experimental line,
2-49 from DAFF (Table 1) (Wildermuth & Morgan, 2004;
National Variety Trials, 2013).
Pasteurized potting mix (Searles Peat 80 Plus, JC & AT
Searle Pty Ltd, Kilcoy, Qld, Australia) was packed into
700-mL nursery pots, 100 mm diameter by 135 mm deep,
where two seeds per pot were sown to an approximate depth
of 20 mm in October, 2010 and in March, 2011 for an indepen-
dent repeat experiment. For each temperature treatment, 13
pots were sown per wheat line and arranged on benches
within each glasshouse in a randomized block design. Pots in
all glasshouses were watered daily using a drip irrigation sys-
tem, and seedlings were thinned to one plant per pot shortly
after emergence.
To prepare macroconidial inoculum, a highly aggressive
isolate of F. pseudograminearum, CS3427, obtained from wheat
crown tissue and maintained in the CSIRO culture collection
(Chakraborty et al., 2010), was cultured on quarter strength
potato dextrose agar (PDA) on Petri plates and incubated at
room temperature for 5 days under a combined black light
(F20T9BL-B20W FL20S.SBL-B NIS, Japan) and standard cool
white fluorescent light (35098F18E/33 General Electric). After
5 days, the mycelial growth was gently scraped to encourage
sporulation and again incubated under the same growth con-
ditions as above for a further 7 days. Macroconidia were col-
lected by adding 4 mL of sterile water to each plate, scraping
the agar surface and filtering the spore suspension through
Mira cloth (Calbiochem, Merk KGaA, Damstadt, Germany).
The concentration of the original spore suspension was deter-
mined using a haemocytometer, and the concentration was
then adjusted to 1 9 106 spores mL1. The adjusted spore
suspension was stored at 20°C until required (Tunali et al.,
2012).
Fourteen days after sowing (GS12), nine seedlings per wheat
line for each temperature treatment were inoculated by placing
a 10 lL droplet of the 1 9 106 spores mL1 suspension of the
isolate on the base of the stem about 5 mm above the soil sur-
face. Inoculated seedlings were incubated by placing the pots
in plastic sealed tents at near-saturated relative humidity for
48 h (Mitter et al., 2006). After the incubation period, the pots
containing the seedlings were removed from inside the tents
and arranged on the glasshouse benches as described previ-
ously. Four seedlings per line for each treatment were main-
tained as uninoculated controls. In all experiments, the
Table 1 Crown rot resistance ratings of wheat lines*
Wheat Line Crown Rot Resistance Rating
L22297-120 Moderately resistant
E34 Moderately resistant
2-49 Moderately resistant
E17 Moderately resistant
EGA Wylie Moderately resistant –moderately susceptible
Sunco Moderately susceptible
Lang Moderately susceptible – susceptible
Kennedy Moderately susceptible – susceptible
Janz Susceptible
Frontana Susceptible
Tamaroi† Very susceptible
*Based on published literature (Wildermuth & Morgan, 2004;
National Variety Trials, 2013), CSIRO breed lines and personal
CSIRO correspondence.
†Lines displaying this symbol are durum wheats, and all other
lines are bread wheats.
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viability of the conidia within the suspensions was determined
prior to inoculation and was found to be >95%.
Components of pathogen fitness
To assess overall fitness of F. pseudograminearum under experi-
mental warming conditions, pathogenic fitness attributes
including disease severity, pathogen biomass in the stem base
and flag leaf node, and DON production in the stem base, flag
leaf node and grain were determined.
Crown rot severity. At crop maturity (GS97), plants were har-
vested to determine disease severity as the extent of stem base
browning following the method described by Melloy et al.
(2010). Briefly, individual tillers were separated, the leaf
sheaths removed from the stems, and then the stems were
cleaned to remove soil. Crown rot severity was then assessed
by measuring the length of stem browning for each tiller. Fol-
lowing the assessment of each plant, a 10-cm section of the
stem base, starting at the crown, a 5-cm section of the flag leaf
node and the spike were cut from each tiller. Stem base, flag
leaf node and spike tissues from three plants per line were
pooled to form a biological replicate. Prior to threshing, three
spikelets were randomly selected from the spikes for each rep-
licate and were used to determine the presence of F. pseudog-
raminearum by direct PCR diagnostic technique (Obanor et al.,
2013). Stem base and flag leaf node tissues were used for path-
ogen biomass and DON determination, as well, grains for
DON determination.
Pathogen biomass. To estimate pathogen biomass from stem
base and flag leaf node tissues for each temperature treatment,
a total of three biological replicates were analysed per line and
treatment, as well as two uninoculated controls. Plant tissues
were freeze-dried and ground using a Retsch MM300 ball mill
(Retsch GmbH, Haan, Germany). Genomic DNA was
extracted from ground tissue using the QIAGEN DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany) following the man-
ufacturer’s protocol with a final elution volume of 100 lL.
DNA was stored at 20°C until required.
Pathogen biomass was determined using quantitative real-
time polymerase chain reaction (qPCR) according to Melloy
et al. (2010) with minor modifications. For quantifying wheat
and F. pseudograminearum DNA, wheat actin-binding protein
(Stephens et al., 2008) and TRI5 (Strausbaugh et al., 2005)
primers were used, respectively. Real-time qPCR reaction
(10 lL) contained 5 lL of SYBR Green PCR Master Mix
(Applied Biosystems, Warrington, UK), 4 lL of sample DNA
diluted 1:10 in water and 1 lL of a 3 lM of forward and
reverse primers. Reaction conditions used for qPCR for wheat
actin-binding protein and TRI5 primers were as previously
described (Melloy et al., 2010). Each sample was analysed in
triplicate, and reactions were performed in the 7900HT Real-
Time PCR System (Applied Biosystems). Estimation of patho-
gen biomass was calculated using the following equation
(Yuan et al., 2006), where Ef is the PCR amplification efficiency
determined using LinRegPCR 7.5 (Ramakers et al., 2003) and
Ct is the crossing threshold:
Relative Biomass ¼ EfFungal
Ct
EfPlantCt
DON production. DON concentration was determined on
ground threshed spikes (grains), stem base and flag leaf node
tissues using a direct competitive quantitative enzyme-linked
immunosorbent assay (ELISA). Following a similar methodol-
ogy to that of Obanor et al. (2013), DON was extracted from
ground samples (1–6 g depending on sample type) in acetoni-
trile/water (85:15 v/v) using Accelerated Solvent Extraction
equipment (ASE2000, DIONEX Corporation). Briefly, the
extraction protocol consisted of three cycles each with a heat-
up time of 5 min at 40°C under 10.3 MPa, a 5 min static phase,
a flush volume of 60% and a purging time of 60 sec. After
extraction, a 500 lL aliquot of each sample was taken and ace-
tonitrile was evaporated under nitrogen in a fume hood. Con-
tents of each sample were resuspended in 500 lL of Milli-Q
water for DON analysis.
For quantification of DON, the AgraQuant ELISA assay
kit (Romer Labs Singapore Pte. Ltd., Singapore) was used
following the manufacturer’s instructions. A microplate
reader (Labsystems iEMS reader MF, Thermo Scientific, Wal-
tham, MA, USA) was used to measure the absorbance of
assayed samples at 450 nm and 630 nm, from which DON
concentration was estimated.
Statistical analysis
To determine whether data from the two experimental runs
could be pooled prior to analysis, a preliminary analysis using
a linear mixed-effects model in the R environment with the
statistical add-on package ‘lme4’ (Bates et al., 2011) was per-
formed (R Core Team, 2013). In cases where experimental
repeats were not significantly different (P > 0.05), data were
combined for statistical analysis.
The influence of warming and wheat line on different com-
ponents of pathogenic fitness including disease severity, path-
ogen biomass and DON production were assessed using a
linear mixed-effects model in the R environment (R Core
Team, 2013) with package ‘lme4’ (Bates et al., 2011). Tempera-
ture was used as a fixed effect within the model, whilst line,
replicate and block within each glasshouse were included as
random effects. To stabilize variance before analysis, the fol-
lowing transformations were performed for different data sets
including log(1 + x), where x is pathogen biomass (stem base
and flag leaf node) and flag leaf node DON data, and square
root transformation of disease severity and stem base DON
data. Overall statistical significance for the fixed effect was
determined based on a Markov Chain Monte Carlo (MCMC)
sampling using the R package ‘languageR’ (Baayen, 2011).
Pairwise treatment mean differences for fixed effects were
determined by a Tukey test using package ‘multcomp’ (Ho-
thorn et al., 2008). The statistical significance of the random
effects and their interaction with fixed effects were determined
using a log-likelihood ratio test comparing mixed-effects mod-
els. Estimates for the random effects were calculated using
higher posterior density intervals (HDI) for the parameters of
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a MCMC distribution. Calculation of HDI’s was performed
using the ‘coda’ package for R (Plummer et al., 2006).
Pearson product moment correlation coefficients were
derived to determine relationships amongst the different com-
ponents of pathogen fitness including disease severity (DS);
pathogen biomass in stem base (PB-S) and flag leaf node tissue
(PB-F); and DON in stem base (DON-S) and flag leaf node tis-
sue (DON-F). Data for correlation analyses were first normal-
ized using the same transformations as per the mixed-effects
model. To better understand the contribution of individual fit-
ness measures to overall fitness, we calculated (i) DON-S per
unit PB-S (toxigenic potential; TOX1), (ii) DS per unit PB-S
(colonization potential; COL) and (iii) DS per unit of DON-S
(toxigenic potential; TOX2). The ranking of wheat lines based
on their relative performance for each measure of fitness
(regardless of temperature) helped to distinguish lines that are
better at reducing overall pathogen fitness.
Principal component analysis (PCA) was used to explore
the association between pathogen fitness measures and the
eleven wheat lines at each temperature treatment. First lines
were ranked for each of the five fitness measures to generate a
data matrix of five variates (fitness measures) and eleven
observations (lines). Using the ‘prcomp’ function in R, the
principal components were calculated and two-dimensional
biplots generated.
Results
Crown rot severity
Overall, temperature was a significant factor in the
mixed-effects model influencing DS (Table 2). Of the
four treatments, DS measured by the length of stem
base browning was highest under 15/15°C and was
progressively reduced with increasing temperature
(Fig. 1a). DS was also significantly influenced by wheat
lines (Table 2). Crown rot severity was highest on the
lines Frontana, Kennedy and Tamaroi, whilst it was
least on the lines L22397-120, Lang and Sunco (Fig. 2a).
The mixed-effects model showed a significant interac-
tion between temperature and line influencing the mea-
sure of DS (Table 2). Generally, most lines responded to
warming in a similar way with DS decreasing with
increasing temperature across all treatments. However,
at each treatment, there was variation in crown rot
severity on lines, which was more pronounced in the
cooler temperature treatments, 15/15°C and 20/15°C
compared with 25/15°C and 28/15°C. At 15/15°C, DS
on the line EGA Wylie (4.04 cm) was significantly
(P < 0.05) lower than on the lines Frontana (15.68 cm),
Janz (10.86 cm) and Tamaroi (11.17 cm), whilst at 20/
15°C on Janz (2.79 cm) and Sunco (3.43 cm), there was
significant (P < 0.05) reduction in DS compared to on
Kennedy (8.85 cm) and Tamaroi (8.59 cm). For treat-
ments 25/15°C and 28/15°C, there was no significant
difference (P > 0.05) in disease level between lines.
Pathogen biomass
Relative PB-S and relative PB-F were significantly influ-
enced by temperature (Table 2). Fusarium biomass was
highest at 15/15°C for both tissues, and higher temper-
atures generally reduced this with some significant dif-
ferences between treatments (Fig. 1b). On average,
warming reduced PB-S by 52% at either 25/15°C or 28/
15°C compared with the biomass at 15/15°C (Fig. 1b).
Fusarium pseudograminearum was present in 99% and
85% of inoculated stem base and flag leaf node samples,
respectively. Of the selected spikelets, however, the
pathogen was detected in only 4% of the inoculated
plants sampled. Overall, for each temperature treat-
ment, the amount of relative pathogen biomass
decreased from stem base to flag leaf node (Fig. 1b).
PB-F was reduced by 60, 85, 69 and 89% (15/15°C, 20/
15°C, 25/15°C and 28/15°C, respectively) compared
with PB-S (Fig. 1b).
There was no significant line x temperature interac-
tion for PB-S or PB-F, although line was significant for
both (Table 2). Regardless of treatment, Lang was the
Table 2 P-value from mixed-effects model for effect of tem-
perature, line and interactions for disease severity (DS), patho-
gen biomass in stem base (PB-S), pathogen biomass in flag leaf
node (PB-F), deoxynivalenol in stem base (DON-S) and deoxy-
nivalenol in flag leaf node (DON-F). P-values were determined
on data from eleven wheat lines inoculated with Fusarium
pseudograminearum, subjected to four different temperature
treatments
P-value
DS
Temperature <0.001*
Line <0.001
Temperature 9 Line 0.027
PB-S
Temperature 0.011*
Line <0.001
Temperature 9 Line 0.994
PB-F
Temperature <0.001*
Line <0.001
Temperature 9 Line 1.00
DON-S
Temperature <0.001*
Line <0.001
Temperature 9 Line 0.996
DON-F
Temperature <0.001*
Line <0.001
Temperature 9 Line 0.025
*P-values for fixed effects were obtained from a Markov Chain
Monte Carlo sample. All other P-values were obtained by a
log-likelihood test of model comparison.
© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3126–3137
3130 R. SABBURG et al.
38
most susceptible line for both tissues, whilst 2-49 and
L22397-120 were the least susceptible of all lines for
stem base and flag leaf node tissue, respectively
(Fig. 2b). Relative PB-S was significantly (P < 0.05)
reduced on the wheat line, 2-49, by 72, 79, 99 and 93%
for 15/15°C, 20/15°C, 25/15°C and 28/15°C, respec-
tively, than on Lang. Similarly, PB-F was significantly
(P < 0.05) reduced on the wheat line, 2–49, by 72% at
15/15°C and by 100% under the remaining three tem-
perature treatments, than on Lang.
DON production
The mixed-effects analysis showed that the amount of
DON-S and DON-F was significantly influenced by
temperature (Table 2). Of the four treatments in this
study, the optimum temperature for DON production
was 15/15°C, and generally, the amount of DON was
reduced with increased temperature (Fig. 1c). There
were significant differences between treatments for flag
leaf node and stem base DON (Fig. 1c).
The amount of DON decreased from stem base to
grains. On average, there was a high level of DON,
105.4 mg kg1, produced in the stem base of crown rot
infected plants, whilst a lower DON concentration,
23.3 mg kg1, in the flag leaf node. DON was detected
in only 1% of grain samples with an average of
0.3 mg kg1 (range: 0.2–0.4 mg kg1) and therefore
was not included in further analysis.
There was no significant line x temperature interac-
tion for DON-S although line was significant (Table 2).
Regardless of treatment, Kennedy exhibited the highest
amount of stem base DON, whilst DON accumulation
was reduced in L22397-120, Lang, Sunco and 2–49 by
69, 53, 58 and 57%, respectively, when compared with
Kennedy (Fig. 2c).
Data on DON production for flag leaf node showed
significant effect of line and interactions with tempera-
ture (Table 2). Most wheat lines showed a decreased
concentration of DON-F at the warmer temperature
treatments, 25/15°C and 28/15°C, compared with 15/
15°C and 20/15°C (data not shown). Tamaroi had the
highest amount of DON-F overall, whilst 2-49 and
L22397-120 were the best two lines at reducing DON-F
(Fig. 2c). The variation in level of DON-F was less pro-
nounced with increasing temperature.
Overall relationship between components of pathogen
fitness as influenced by temperature and host resistance
The overall results show significant (P < 0.05) positive
correlations between all three measures of pathogen fit-
ness, disease severity (DS), pathogen biomass in stem
base (PB-S), pathogen biomass in flag leaf node (PB-F),
(a)
(b)
(c)
Fig. 1 Effect of temperature on (a) length of stem base brown-
ing (cm), (b) relative pathogen biomass in stem base (PB-S) and
flag leaf node tissue (PB-F) as measured by Fusarium DNA rela-
tive to wheat DNA and (c) deoxynivalenol content (mg kg1) in
stem base (DON-S) and flag leaf node tissue (DON-F). All mea-
surements in wheat plants were made at maturity (GS97) fol-
lowing stem base inoculation by Fusarium pseudograminearum.
Data for all cases are the predicted values based on the linear
mixed-effects model, and bars indicate standard error of the
predicted values. Letters indicate significant differences
between treatments within each tissue type based on a Tukey
pairwise analysis.
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DON in stem base (DON-S) and DON in flag leaf node
(DON-F) (Table 3). The strongest correlations were
found between DON-S and DS, and DON-S and
DON-F (Table 3). At each temperature treatment
(regardless of line), an assessment of the ability of DS to
indicate the concentration of DON-S also showed a sig-
nificant (P < 0.05) positive correlation (Table 4) and for
each line (regardless of treatment), with the exception
of 2-49 (data not shown).
To better describe overall pathogen fitness, we calcu-
lated (i) DON-S produced per unit PB-S (toxigenic
potential; TOX1), (ii) DS per unit PB-S (colonization
potential; COL) and (iii) DS per unit of DON-S (toxi-
genic potential; TOX2). At cooler temperatures (15/
15°C and 20/15°C), TOX1, TOX2 and COL were higher
than at warmer temperatures (25/15°C and 28/15°C).
The influence of wheat line on the contribution of each
individual fitness measure was also examined. The
COL and TOX1 of the pathogen were highest for the
partially resistant line, 2-49, compared to other lines.
For example, COL on Lang was 0.04, whilst on 2–49, it
was 0.54. The lines 2-49, L22397-120 and Frontana had
the highest TOX2 value, whilst moderately susceptible
lines Lang, Kennedy and EGA Wylie had the lowest,
compared to other lines.
The ranking of wheat lines based on their relative
performance for each measure of fitness (regardless of
Table 3 Pearson’s correlation coefficients (r) between overall
measures of pathogen fitness, disease severity (DS), pathogen
biomass in stem base (PB-S), pathogen biomass in flag leaf
node (PB-F), deoxynivalenol in stem base (DON-S) and deoxy-
nivalenol in flag leaf node (DON-F). The square root of DS
and DON-S, and the logarithm of DON-F, PB-S and PB-F val-
ues were used for correlation analysis. All measurements in
wheat plants were made at maturity (GS97) following stem
base inoculation by Fusarium pseudograminearum
PB-S PB-F DON-S DON-F
DS 0.23* 0.33** 0.76** 0.66**
PB-S 0.52** 0.42** 0.48**
PB-F 0.42** 0.67**
DON-S 0.78**
Alternative hypothesis: true correlation is not equal to 0 is
indicated with * for P < 0.01 and ** for P < 0.0001; n = 130.
Partially resistant ← Line → Susceptible
(a)
(b)
(c)
Fig. 2 Influence of eleven wheat lines on (a) length of stem base
browning (cm), (b) relative pathogen biomass in stem base (PB-
S) and flag leaf node tissue (PB-F) as measured by Fusarium
DNA relative to wheat DNA and (c) deoxynivalenol content
(mg kg1) in stem base (DON-S) and flag leaf node tissue
(DON-F). Lines were selected based on a range of known sus-
ceptibilities and resistance to crown rot according to published
literature (Table 1). All measurements in plants were made at
maturity (GS97) following stem base inoculation by Fusarium
pseudograminearum. Bars represent standard error of the mean.
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temperature) helped to distinguish lines that are better
at reducing overall pathogen fitness (data not shown).
The DS, PB-S, PB-F, DON-S and DON-F on L22397-120,
an experimental line, were at a low level. When ranked
against other lines, L22397-120 was overall the most
effective in reducing pathogen fitness followed by 2-49.
The susceptible Kennedy and Tamaroi were the least
effective in reducing overall pathogen fitness.
Principal components analysis (PCA) and two-
dimensional biplots were generated (Fig. 3) to explore
the association between pathogen fitness measures and
wheat lines at each temperature. The first two principal
components (PC1 and PC2) explained 81% at 15/15°C,
82% at 20/15°C, 83% at 25/15°C and 87% at 28/15°C of
the variation in the original data. The remaining three
components explained a smaller proportion of the total
variation in the data (PC3, PC4 and PC5 combined was
19% at 15/15°C, 18% at 20/15°C, 17% at 25/15°C, 13%
at 28/15°C). The direction of the five vectors on the bi-
plots (Fig. 3) indicates the most favoured association
with line (s) based on coefficients for the first two
Table 4 Pearson’s correlation coefficients (r) between mea-
sures of pathogen fitness at each temperature treatment
(regardless of wheat line), disease severity (DS), pathogen bio-
mass in stem base (PB-S), pathogen biomass in flag leaf node
(PB-F), deoxynivalenol in stem base (DON-S) and deoxyni-
valenol in flag leaf node (DON-F). The square root of DS and
DON-S, and the logarithm of DON-F, PB-S and PB-F values
were used for correlation analysis. All measurements in wheat
plants were made at maturity (GS97) following stem base
inoculation by Fusarium pseudograminearum
15/15°C 20/15°C 25/15°C 28/15°C
DS/PB-S 0.32 0.05 0.14 0.13
DS/DON-S 0.41* 0.49** 0.62*** 0.43*
PB-S/DON-S 0.70**** 0.52** 0.34 0.20
PB-F/DON-F 0.72**** 0.72**** 0.47** 0.43*
PB-S/PB-F 0.34* 0.59*** 0.62*** 0.44*
DON-S/DON-F 0.29 0.19 0.20 0.00
Alternative hypothesis: true correlation is not equal to 0 is
indicated with * for P < 0.05, ** for P < 0.01, *** for P < 0.001
and **** for P < 0.0001; n = 31.
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Fig. 3 Two-dimensional biplot of the first two principal components at each temperature treatment (a) 15/15°C, (b) 20/15°C, (c) 25/
15°C and (d) 28/15°C to show the association between eleven wheat lines and five measures of pathogen fitness, disease severity (DS),
pathogen biomass in stem base (PB-S), pathogen biomass in flag leaf node (PB-F), deoxynivalenol in stem base (DON-S) and deoxyni-
valenol in flag leaf node (DON-F).
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principal components. The biplots revealed that at all
temperatures, L22397-120 and 2-49, cannot be easily
associated with any specific measure of pathogen fit-
ness, indicating their superior crown rot resistance. As
expected, the susceptible Tamaroi has a strong associa-
tion with at least one of these measures across all
temperature treatments (Fig. 3). Fewer lines (Janz,
Tamaroi, Kennedy and Frontana) were associated with
the overall pathogenic fitness of F. pseudograminearum
at 15/15°C than the other three temperature treatments
(Fig. 3).
Discussion
This study reports on the influence of temperature on
the pathogenic fitness of F. pseudograminearum causing
crown rot in wheat. We showed that F. pseudograminea-
rum had superior overall fitness at 15/15°C that closely
resembles current wheat farming conditions in the
southern wheat belt of Australia, but fitness was reduced
at higher temperatures. Pathogen fitness was signifi-
cantly influenced by the level of crown rot resistance of
wheat lines, and although there was variation between
wheat lines with regards to each measure of pathogen
fitness, generally the lines responded to temperature in a
similar way. Regardless of temperature, we found lines
that exhibit superior crown rot resistance in the field
were generally associated with reduced overall fitness of
the pathogen. However, the relative performance of the
wheat lines was dependent on the measure of pathogen
fitness, and lines that were associated with one reduced
measure of pathogen fitness did not always reduce
another. The ability of F. pseudograminearum to produce
DON also decreased under higher temperatures. Over-
all, we found a significant positive correlation between
all measures of pathogen fitness, with one of the strong-
est seen between DON-S and DS.
Crown rot severity was highest under 15/15°C and
was reduced as temperature increased. Interestingly,
these results contrast field observations and results of
experimental studies that report warm to hot weather
conditions appear to favour crown rot disease develop-
ment with crown rot being more severe under water-
limiting conditions (Wildermuth & McNamara, 1994;
Smiley, 2009). The importance of moisture availability
on crown rot was also apparent in another study where
a 68% increase in stem browning for the wheat geno-
type 2-49 under water-limiting conditions at elevated
CO2 was reported (Melloy et al., 2010). Water was not a
limiting factor in our study, which may explain the con-
trasting results.
Temperature directly influences plant pathogens as
well as regulation of plant growth and development
(Thornton et al., 2014). In the current study, increased
day temperature reduced the overall height of the
noninoculated plants (data not shown). A recent
study by Liu et al. (2010) found that plant height
affected Fusarium crown rot severity where dwarf iso-
lines gave better resistance when compared with their
respective tall counterparts. They proposed that the
difference in severity between the tall and dwarf iso-
lines is likely due to their height differences per se or
to some physiological and structural consequences of
reduced height. Temperature has also been found to
modulate plant resistance responses rendering plants
more susceptible to pathogens. For example, Uauy
et al. (2005) reported that the ability of the wheat gene
Yr36 to confer resistance to stripe rust is temperature
dependent, bestowing resistance only under a high-
temperature regime whilst not affecting the plant’s
susceptibility at cooler temperatures. A temperature-
dependent mechanism associated with the host may
be responsible, in our study, for reducing the overall
fitness of F. pseudograminearum linked with warmer
temperatures.
In our work, Fusarium biomass in wheat tissue was
highest at 15/15°C and higher temperatures generally
reduced this. Interestingly, we found in our previous
study (R. Sabburg, F. Obanor, E. Aitken, and S. Chakra-
borty, unpublished data) that optimum growth for
F. pseudograminearum (in vitro) occurred at 25/15°C,
similar to that of other Fusarium spp. (Cook & Christen,
1976; Brennan et al., 2003). This further substantiates
that pathogen fitness is influenced by the host. It has
also been reported that the rate of saprophytic coloniza-
tion of wheat by F. pseudograminearum was better at the
warmer temperature of 25°C than 15°C (Tunali et al.,
2012). Similar to other host–pathogen systems though,
different pathogen life stages, saprophytic versus path-
ogenic, for example, may vary in their climatic suscepti-
bilities (Frazer et al., 2011). In terms of practical
implications, it will be necessary to monitor how warm-
ing influences the saprophytic survival of F. pseudog-
raminearum in stubble, which serves as an inoculum
source for the next season’s crop (Akinsanmi et al.,
2004).
Previous work has shown that the production of
DON and other Type B trichothecenes by Fusarium spp.
attacking cereals is favoured under warmer tempera-
tures (25–28°C) (Doohan et al., 2003). In contrast, we
found DON production in infected tissue was maximal
at 15/15°C and reduced at higher temperatures. In a
recent study, expression of the TRI5 gene, involved in
trichothecene biosynthesis, and the growth of F. grami-
nearum were optimum at 25°C (Marin et al., 2010). This
suggests that favourable conditions for fungal growth
will result in higher trichothecene production and
that toxin production would always accompany the
© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 3126–3137
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colonization process, whilst the conditions for growth
are permissive.
Furthermore, our results show that wheat lines influ-
ence overall pathogen fitness. Regardless of tempera-
ture, measures of DS, pathogen biomass and DON
were consistently low for line L22397-120. Although the
moderately resistant breeding line, 2–49, displayed
good resistance against crown rot with low Fusarium
biomass and DON, this line did not perform as well in
reducing DS. In seedling assays, a strong correlation
between host plant discolouration and fungal biomass
for line 2–49 was reported (Knight et al., 2012; Percy
et al., 2012). Knight et al. (2012) found, however, this
correlation became weaker with increasing time after
inoculation and by 35 days after inoculation, the corre-
lation was not significant. In comparison, we found
Kennedy and Tamaroi, which are both considered sus-
ceptible crown rot lines, to not be as effective at reduc-
ing overall pathogen fitness.
Although there was variation between individual
wheat lines, the measures of pathogen fitness decreased
amongst the lines with warming. The importance of
wheat line on F. pseudograminearum fitness declined
with higher temperatures. This was seen at 25/15°C
and 28/15°C where no individual line appeared to
significantly reduce DS. Consequently, at warmer
temperatures under climate change, the impact of
F. pseudograminearum causing crown rot may be less,
but it will be harder to discriminate between the effects
of resistant and susceptible lines.
Overall, there were significant positive correlations
between all measures of pathogen fitness in our study
indicating an important role for each attribute. A major
focus on crown rot research has been to understand the
relationship between fungal colonization and visual
disease symptoms. To date, however, there have been
conflicting results published. Hogg et al. (2007) and
Melloy et al. (2010), for example, found no clear link
between visual host discolouration and pathogen bio-
mass. In contrast, Knight et al. (2012) and Percy et al.
(2012) reported a close correlation. In this study, there
was a weak overall association between DS and patho-
gen biomass in mature plants, whilst there was a strong
relationship between stem base DON and DS. For Fusa-
rium head blight, another important disease of wheat,
correlations between symptoms and trichothecene lev-
els have been reported by some authors, whilst others
claim that disease severity alone is not enough to pre-
dict mycotoxin levels in grain (Boutigny et al., 2008).
The role of DON and the exact mechanism of stem
browning during crown rot as a result of F. pseudogram-
inearum infection are still not fully understood. It has
been shown, however, the production of DON follow-
ing infection of the closely related fungus, F. graminea-
rum, appears to assist necrotrophic growth of the
pathogen (Mudge et al., 2006). DON may also directly
cause cell death in wheat leading to browning (Des-
mond et al., 2008). In agreement with our findings, Tu-
nali et al. (2012) reported a highly significant link
between F. pseudograminearum aggressiveness in adult
plants and DON in stem bases indicating that DON is
an essential component of pathogenic fitness for
F. pseudograminearum.
The contribution of individual fitness measures to
overall fitness changed with temperature and wheat
line. As temperature increased, the ability of F. pseudog-
raminearum to produce DON-S decreased. As DON can
make food sources including wheat grains unsafe for
human or animal consumption (Desjardins, 2006), this
may be an encouraging result if we consider tempera-
ture rises in the future. Fungal biomass and DON will
contribute less to increasing crown rot under warming.
Amongst lines, stem browning is not an accurate mea-
sure of fungal biomass in the stem base. Susceptible
line, Lang, has the potential to express lower stem
browning than the moderately resistant line, 2–49, as
determined by COL, even with similar amounts of
Fusarium biomass in stem base tissue. To reduce overall
pathogen fitness and ‘better’ manage crown rot in Aus-
tralia, it will be crucial to select resistant lines based on
their ability to prevent Fusarium colonization, rather
than just reduce stem browning.
In conclusion, this study has clearly established that
temperature influences the overall fitness of F. pseudog-
raminearum. Based on our findings, warmer tempera-
tures associated with climate change may reduce the
overall pathogenic fitness of F. pseudograminearum.
Whilst our study closely examined the influence of tem-
perature, translating the results from glasshouse to field
may be difficult. It would be interesting to examine the
influence of increasing temperature under natural con-
ditions where water is also limiting and so to assess
whether temperature and drought has the same effect
on F. pseudograminearum fitness. Realistically, warmer
temperatures will be accompanied by rising CO2 levels
under future climate change scenarios (IPCC, 2013) and
should be considered when designing experimental
studies examining the fitness of plant pathogens. Fur-
ther work is also necessary to understand the mecha-
nisms that contribute to increased crown rot resistance
amongst lines at different temperatures.
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Supporting Information
Additional Supporting Information may be found in the online version of this article:
Figure S1. Effect of temperature on (a) length of stem base browning (cm) (b) relative pathogen biomass in stem base tissue (PB-S)
as measured by Fusarium DNA relative to wheat DNA (c) relative pathogen biomass in flag leaf node tissue (PB-F) as measured by
Fusarium DNA relative to wheat DNA (d) deoxynivalenol content (mg kg1) in stem base tissue (DON-S) (e) deoxynivalenol content
(mg kg1) in flag leaf node tissue (DON-F). All measurements in wheat plants were made at maturity (GS97) following stem base
inoculation by Fusarium pseudograminearum. The central dark line on each box is the group median of the measured data, while the
hinges of each box represent the interquartile range. The whiskers represent 1.5 times the length of the box. Means of the measured
data for each group is represented by the black dot.
Figure S2. Influence of eleven wheat lines on (a) length of stem base browning (cm) (b) relative pathogen biomass in stem base tis-
sue (PB-S) as measured by Fusarium DNA relative to wheat DNA (c) relative pathogen biomass in flag leaf node tissue (PB-F) as
measured by Fusarium DNA relative to wheat DNA (d) deoxynivalenol content (mg kg1) in stem base tissue (DON-S) (e) deoxyni-
valenol content (mg kg1) in flag leaf node tissue (DON-S). Lines were selected based on a range of known susceptibilities and
resistance to crown rot according to published literature (Table 1). All measurements in plants were made at maturity (GS97)
following stem base inoculation by Fusarium pseudograminearum. The central dark line on each box is the group median of the mea-
sured data, while the hinges of each box represent the interquartile range. The whiskers represent 1.5 times the length of the box.
Means of the measured data for each group is represented by the black dot.
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CHAPTER 4 
 
4   GROWTH AND PRODUCTIVITY OF CROWN ROT 
INFECTED WHEAT UNDER INCREASING TEMPERATURE 
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4.1   Abstract 
Crown rot is a major disease of wheat in Australia, negatively impacting on grain yields. The 
disease is predominately caused by the fungal pathogen Fusarium pseudograminearum. 
According to the literature, rising temperatures associated with climate change can also lead 
to a reduced grain yield in wheat and barley crops. It is unknown however, how increasing 
temperature will affect the grain yield of Fusarium infected crops. Through temperature 
controlled glasshouses, in which eleven lines of wheat were grown under four different 
diurnal temperature treatments of 15/15oC, 20/15oC, 25/15oC and 28/15oC, plant growth 
(tiller length and tiller number) and crop productivity (grain weight)  were determined for 
plants artificially inoculated with F. pseudograminearum and un-inoculated plants. For crown 
rot infected plants, grain weight and tiller length, were highest at the coolest temperature 
treatment of 15/15oC and were reduced with warmer temperatures (20/15oC, 25/15oC and 
28/15oC), whilst tiller number showed the opposite trend. By examining the percentage 
change of the mean grain weight per plant from control versus inoculated plants it was found 
that increasing temperatures under climate change may reduce the impact of crown rot yield 
loss. Overall, there were significant correlations between most measures of crop growth and 
productivity of crown rot infected wheat. Increasing disease severity was associated with a 
reduction in grain weight in this study. Further studies should take into consideration the 
effects of rising CO2 in combination with increasing temperature for more realistic 
assessments. 
 
4.2   Introduction 
Wheat is an essential source of carbohydrates for millions of people worldwide and with 
global production over 600 million tonnes each year, it is the third largest crop, aside from 
maize and rice, to be produced annually (http://www.fao.org/). With the world’s population 
predicted to reach 9.1 billion by 2050 however, overall food production will have to increase 
by at least 70% in order to meet the demands of a growing population (FAO, 2009). Since the 
mid-20th century, cereal yields have increased dramatically mainly through improved 
cultivars and management (FAO, 2010). However, recent studies indicate that in different 
regions around the world, some crop yields may no longer be increasing (Brisson et al., 2010, 
Lin &  Huybers, 2012). In a global- scale study, Lobell and Gourdji (2012) attributed climate 
trends, in particular global warming, to lowered wheat and maize yields by roughly 6 and 4%, 
respectively, over the period from 1980 to 2008. Considering this, and scientific evidence to 
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suggest that the global temperatures are likely to exceed 1.5-2.0oC above pre-industrial 
temperatures by the end of this century (IPCC, 2013), it is of great importance to have an 
improved understanding of the impact of increasing temperatures on crop productivity.   
 
Around the world wheat is grown over a wide range of environments. In Australia for 
instance, this includes; the temperate climate of central New South Wales through to Victoria 
and South Australia: the Mediterranean climate of the south western corner of Western 
Australia; and the subtropical climate of central and southern Queensland through to northern 
New South Wales. Although wheat is a widely adapted crop, its growth, development and 
productivity is sensitive to climate variability and extreme conditions. For example in a 
recent study Asseng et al., (2011) observed variations in average growing-season 
temperatures of ±2oC in the main wheat growing regions of Australia can cause reductions in 
grain production of up to 50%. A heat shock at the end of tillering and during grain filling has 
also been reported to strongly reduce the rate of leaf photosynthesis by 40 to 70%, depending 
on cultivar and developmental stage, and decrease grain growth (Schapendonk et al., 2007). 
 
During the growing season, increasing mean temperatures lead to accelerated crop 
development, reducing the grain-filling period and generally lowering yield (Asseng et al., 
2011, Batts et al., 1997). In some particular locations however, increasing temperatures have 
been associated with a positive effect on yield. In Western Australia for example, higher 
temperatures in the northern part of the wheatbelt had a negative effect on yield while in the 
southern, cooler, part of the region higher temperatures had a strong positive effect (Ludwig 
&  Asseng, 2006). The authors suggest that the effects of higher temperatures on grain yield 
also depend on water availability and soil type. In another study conducted in Australia, 
Wang et al. (1992) concluded, from their simulation, that a 3oC temperature increase in 
Victoria may not necessarily have negative impacts on grain yields of all cultivars. For 
example, the late-maturing cultivar UQ189, which is adapted to present conditions in 
southern Queensland, was predicted to have a higher potential grain yield than cultivars Egret 
and Matong, which are commonly planted in New South Wales and Victoria. A selection of 
suitable cultivars is one of the key strategies for coping with climate change according to 
their study. 
 
In addition to affecting crops directly, changes in climate are likely to alter disease 
development (Chakraborty &  Newton, 2011, Juroszek &  von Tiedemann, 2013). For 
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example, of 25 biotrophic and necrotrophic pathogens studied under changes in climate, 
disease severity was enhanced in 15, reduced in eight and remained unchanged in two under 
elevated CO2 levels (Chakraborty et al., 2000). The rate of reproduction and spread of 
Puccinia substriata, a rust fungus (Tapsoba &  Wilson, 1997), and Monosporasus 
cannonballus (Waugh et al., 2003), a root rot pathogen, have been attributed to an increase in 
temperature. A recent review reported a lack of published studies that consider the 
interactions of the potential effects of climate change on crop yield with biotic risk factors 
such as disease (Juroszek &  von Tiedemann, 2013). Considering the sensitivity of pathogens 
to climate, this is of particular importance in estimating the future risk of climate change on 
crop production (Gregory et al., 2009). 
 
In many cereal producing countries around the world, crown rot, is a major disease of wheat 
(Triticum spp.) significantly reducing crop yields and grain quality (Burgess et al., 2001, 
Chakraborty et al., 2006). In Australia, crown rot costs an average of AU$79 million in losses 
each year (Murray &  Brennan, 2009) and estimates project yield losses due to this disease of 
up to 89% (Klein et al., 1991). Environmental conditions influence crown rot (Klein et al., 
1989, Smiley et al., 2005) and throughout the world this disease has been reported as the 
most prevalent in areas which experience warm temperatures and dry soil conditions during 
the growing season (Burgess et al., 2001, Cook &  Christen, 1976). Recently, as climate 
change has become the most prominent global environmental issue, we are starting to see 
studies emerging that have investigated the effects of climate change on this disease. In 2007, 
results from a free-air CO2 enrichment (FACE) experiment, found stem browning, a common 
measure of crown rot severity, significantly increased at elevated CO2 (Melloy et al., 2010). 
In 2010, this study showed that mean crown rot incidence and severity, were found to be 
greater under elevated CO2 levels when maintained at ambient temperature throughout 
(Melloy et al., 2014). Extension of such studies now need to assess if potential yield losses 
are likely due to changes in disease incidence and severity caused by climatic changes.  
 
This current research investigated whether crop growth (tiller length and tiller number) and 
productivity (grain weight) of crown rot infected wheat will be increased, reduced or 
unaffected by warmer temperatures under experimental conditions. In addition, the 
relationship between temperature and wheat line to determine if host resistance plays a part in 
influencing crop growth and productivity was explored. The relationship between the tiller 
length, tiller number and grain weight were also investigated in this study.   
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4.3   Materials and methods 
 
4.3.1   Plant growth conditions, plant material and inoculation 
This experiment was conducted in temperature controlled glasshouses, in which eleven lines 
of wheat (Table 4.1) were grown under four different diurnal temperature treatments of 
15/15oC, 20/15oC, 25/15oC and 28/15oC. Detailed descriptions of the plant growth conditions, 
plant material and inoculation are in Chapter 3. 
 
 
Table 4.1   Crown rot resistance ratings of wheat lines1  
 
Wheat Line              Crown Rot Resistance Rating 
 
 
 
L22297-120  Moderately Resistant 
E34   Moderately Resistant 
2-49   Moderately Resistant 
E17   Moderately Resistant 
EGA Wylie  Moderately Resistant – Moderately Susceptible 
Sunco   Moderately Susceptible 
Lang              Moderately Susceptible – Susceptible 
Kennedy  Moderately Susceptible – Susceptible 
Janz             Susceptible 
Frontana  Susceptible 
Tamaroiᵠ  Very Susceptible 
  
Notes: ᵠ Lines displaying this symbol are durum wheats, all other lines are bread wheats. 1 
Based on published literature (National Variety Trials, 2013, Wildermuth &  Morgan, 2004), 
CSIRO breed lines and personal CSIRO correspondence. 
 
 
Fourteen days after sowing, wheat seedlings at Zadoks growth stage 12 (GS12) (Zadoks et 
al., 1974) were inoculated with a highly aggressive isolate of F. pseudograminearum, 
CS3427, as done previously in Chapter 2. Inoculated seedlings were incubated for 48 h in 
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plastic sealed tents and then removed and arranged on the glasshouse benches in a 
randomized block design. For each line, a number of seedlings were maintained as 
uninoculated controls. Pots in all glasshouses were watered daily. The whole experiment was 
repeated once, and the temperature treatments in the four glasshouses were randomly 
assigned to each treatment.   
 
 4.3.2   Grain weight, tiller length and tiller number 
At crop maturity (GS97), plants were harvested and tiller length and the number of tillers per 
plant were recorded. Spikes were also removed from each plant and all spikes from three 
plants per wheat line, were pooled to form a biological replicate. Spikes were air dried, 
threshed and then weighed to determine the total grain weight per pooled sample. A total of 
three biological replicates per line and treatment were formed, as well as two uninoculated 
controls. Grain weight per plant was then calculated by dividing the total grain weight for 
each pooled sample by the total number of plants for the corresponding pooled sample. Grain 
weight reduction expressed as a percentage was calculated from the comparison of grain 
weight per plant from control (uninoculated) versus crown rot inoculated wheat plants. All 
data are presented on the basis of a theoretical range of grain weight per plant differences 
from zero to 100%. Percent reduction of tiller length and tiller number was also calculated in 
the same fashion.   
 
4.3.3   Statistical analysis 
The R statistical package was used to perform a preliminary analysis using an analysis of 
variance (ANOVA) for linear model fits, to determine whether data from the two 
experimental runs could be pooled prior to analysis (R Core Team, 2013). In cases where 
experimental repeats were not significantly different (P > 0.05), data were combined for 
statistical analysis. The influence of warming and wheat line on grain weight, tiller length and 
tiller number of both inoculated and control plants were then assessed using ANOVA for 
linear model fits in the R environment (R Core Team, 2013). Temperature, line and inoculum 
were factors within the ANOVA and to stabilize variance before analysis, a square root 
transformation was performed on tiller number data. Pairwise treatment mean differences 
were determined by a Tukey test using package ‘multcomp’ (Hothorn et al., 2008). The 
criterion for significance was P < 0.05.  
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Correlation analysis was conducted on the data to determine relationships among grain 
weight (GW), tiller length (TL) and tiller number (TN) of inoculated plants. Also, disease 
severity (DS) and pathogen biomass in stem base (PB-S) data generated as described in 
Chapter 3 was included in this analysis. Data for correlation analyses were first normalised 
using the same transformations as per the ANOVA. 
 
4.4   Results 
 
4.4.1   Grain weight  
There was a significant (P < 0.001) difference between GW data from the two experimental 
runs and therefore data were not combined for statistical analysis. Overall, temperature, 
wheat line and the interaction between temperature and line significantly influenced GW of 
Fusarium crown rot inoculated and control (uninoculated) plants from both experimental runs 
(Table 4.2). Of the four temperatures, GW per plant was significantly higher under 15/15oC 
for both inoculation treatments (Figure 4.1a). Generally, GW per plant was reduced with 
increasing temperature for the control plants (Figure 4.1a). GW per plant was also reduced 
with increasing temperatures from 15/15oC to 25/15oC for the inoculated plants, although 
there was no significant difference between the 20/15oC, 25/15oC and 28/15oC treatments 
(Figure 4.1a). Inoculation treatment also had a significant effect on GW (Table 4.2). At each 
temperature, GW of inoculated plants was less than the control plants. However, there were 
no significant differences found between the two inoculation treatments at 25/15oC and 
28/15oC (Figure 4.1a).  
 
Mean GW reductions across the four temperature treatments, were 39% at 15/15oC, 45% at 
20/15oC, 25% at 25/15oC and 5% at 28/15oC. Figure 4.2a shows the percent reduction of 
mean GW for eleven wheat lines ranging from partially resistant to highly susceptible. There 
were no particular trends observed between the partially resistant and susceptible lines in 
terms of GW reduction from inoculation at any of the four temperature treatments. For the 
majority of the wheat lines however, GW reduction was higher at the cooler temperatures of 
15/15oC and 20/15oC than warmer treatments of 25/15oC and 28/15oC (Figure 4.2a). In 
several instances at the warmer treatments (25/15oC and 28/15oC), GW was higher in plants 
inoculated with Fusarium compared to the control treatment as indicated by the positive 
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percent reduction in Figure 4.2a. Overall, 2-49 had the highest GW reduction of 87% at 
20/15oC (Figure 4.2a).   
 
 
Table 4.2   Results of ANOVAS for the effects of temperature, line and inoculum on grain 
weight (GW) per plant, tiller length (TL) and tiller number (TN). P-values were determined 
on data from eleven wheat lines inoculated with Fusarium pseudograminearum, CS3427, and 
control (uninoculated) plants, subjected to four different temperature treatments.  
 
Notes:  Where experimental repeats (Experiment 1 and Experiment 2) were not significantly 
different (P > 0.05) data were combined for statistical analysis. 
Significant P-values are given in bold. 
  
Df Sum Sq Mean Sq F P
GW (Experiment 1)
     Temperature 3 289.16 96.39 54.58 <0.0001
     Line 10 106.02 10.60 6.00 <0.0001
     Inoculum 1 328.37 328.37 185.96 <0.0001
     Temperature x Line 30 98.39 3.28 1.86 <0.001
GW (Experiment 2)
     Temperature 3 101.38 33.79 14.69 <0.0001
     Line 10 93.30 9.33 4.05 <0.0001
     Inoculum 1 43.87 43.87 19.06 <0.0001
     Temperature x Line 30 122.17 4.07 1.77 <0.05
TL
     Temperature 3 133283 44428 161.26 <0.0001
     Line 10 389106 38911 141.23 <0.0001
     Inoculum 1 110442 110442 400.86 <0.0001
     Temperature x Line 30 124324 4144 15.04 <0.0001
TN (Experiment 1)
     Temperature 3 123.17 41.06 301.96 <0.0001
     Line 10 131.37 13.14 96.62 <0.0001
     Inoculum 1 9.16 9.17 67.41 <0.0001
     Temperature x Line 30 47.93 1.60 11.75 <0.0001
TN (Experiment 2)
     Temperature 3 79.59 26.53 195.18 <0.0001
     Line 10 255.19 25.52 187.74 <0.0001
     Inoculum 1 1.02 1.02 7.54 <0.001
     Temperature x Line 30 43.03 43.03 10.55 <0.0001
 54 
 
 
 55 
 
Figure 4.1   Effect of temperature on (a) grain weight (GW) per plant (g), (b) tiller length 
(TL) (cm) and (c) tiller number (TN) for control and Fusarium pseudograminearum, CS3427, 
inoculated wheat plants. All measurements were made at maturity (GS97). Data for all cases 
are the raw values and bars indicate standard error of the mean. Letters indicate significant 
differences between treatments based on a Tukey pairwise analysis. 
 
 
4.4.2   Tiller length 
There was no significant (P = 0.38) difference between TL data from the two experimental 
runs and therefore data were combined for statistical analysis. The analysis of variance 
showed TL was significantly influenced by temperature and line. The interaction between 
temperature x line was also significant (Table 4.2). TL was significantly higher under 
15/15oC for both inoculation treatments compared with other temperatures (Figure 4.1b). For 
control plants, TL was reduced with warming however there was no particular trend observed 
amongst the four temperatures for the inoculated treatment (Figure 4.1b).Inoculation 
treatment also had a significant effect on TL (Table 4.2). At each temperature, TL of 
inoculated plants was less than the control plants, however, there was no significant 
difference found between the two inoculation treatments at 28/15oC (Figure 4.1b).  
 
TL reductions across the four temperature treatments were 17% at 15/15oC, 30% at 20/15oC, 
12% at 25/15oC and 5% at 28/15oC. Figure 4.2b shows the percent reduction of mean TL for 
eleven wheat lines.  There were no obvious trends observed between the partially resistant 
and susceptible lines in terms of TL reduction from inoculation at any of the four temperature 
treatments. However, for all wheat lines with the exception of Janz, TL reduction was highest 
at 20/15oC (Figure 4.2b). Majority of the wheat lines also showed a higher TL reduction at 
the cooler temperatures of 15/15oC and 20/15oC than warmer treatments of 25/15oC and 
28/15oC (Figure 4.2b). At 28/15oC, TL for E34, Janz and Tamaroi was higher in plants 
inoculated with Fusarium compared to the control treatment as indicated by the positive 
percent reduction (Figure 4.2b). Overall, 2-49 had the highest TL reduction of 69% at 
20/15oC (Figure 4.2b).   
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Figure 4.2   Percent reduction of (a) grain weight (GW) per plant (g), (b) tiller length (TL) 
(cm) and (c) tiller number (TN) for eleven lines under four temperature treatments. 
Percentage reduction was calculated from a comparison of values from control versus 
Fusarium pseudograminearum, CS3427, inoculated wheat plants. Lines were selected based 
on a range of known susceptibilities and resistance to crown rot according to published 
literature (Table 4.1). All measurements were made at maturity (GS97) and data for all cases 
are the raw values. 
 
 
4.4.3   Tiller number 
There was a significant (P < 0.001) difference between TN data from the two experimental 
runs and therefore data were not combined for statistical analysis. Overall, temperature, 
wheat line and the interaction between temperature and line significantly influenced the 
number of tillers of Fusarium crown rot inoculated and control plants from both experimental 
runs (Table 4.2). Of the four temperatures, TN was significantly higher under 28/15oC for 
both inoculation treatments (Figure 4.1c). Generally, TN increased with warming for 
inoculated and control plants (Figure 4.1c). Inoculation treatment also had a significant effect 
on TN (Table 4.2). At each temperature treatment however, no significant difference was 
found between TN for inoculated and control plants.  
 
Figure 4.2c shows the percent reduction of mean TN per plant for eleven wheat lines. Across 
all temperatures, inoculated plants from lines E17 and Kennedy appear to have an increased 
number of tillers compared to control plants from the same treatment (Figure 4.2c). No 
obvious trend was observed between the partially resistant and susceptible lines in terms of 
TN reduction from inoculation at any of the four temperature treatments. At 15/15oC, 
L22397120 has the highest TN reduction of 37% (Figure 4.2c).  
 
4.4.4   Correlations 
The overall results show a significant positive relationship between GW and TN, and GW 
and TL. Also, significant negative correlations were found between GW and DS, and TN and 
DS (Table 4.3). The negative correlation between GW and DS was also consistent at each 
temperature treatment regardless of line. TL also negatively correlates with DS across the 
four temperature treatments (Table 4.4).  
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Table 4.3   Pearson’s correlation coefficients (r) between tiller length (TL), tiller number 
(TN), grain weight (GW), disease severity (DS) and pathogen biomass in stem base (PB-S). 
The square root of TN and DS, and the logarithm of PB-S values were used for correlation 
analysis. Data were calculated on a 'per plant' basis. All measurements in wheat plants were 
made at maturity (GS97) following stem base inoculation by Fusarium pseudograminearum, 
CS3427. Alternative hypothesis: true correlation is not equal to 0 is indicated with * for 
P<0.01, ** for P<0.001 and *** for P<0.0001; n = 258. 
 TN TL DS PB-S 
GW 0.23** 0.41*** -0.21** 0.09 
TN  0.01 -0.30*** -0.08 
TL   -0.09 -0.10 
 
 
 
Table 4.4   Pearson’s correlation coefficients (r) between tiller length (TL), tiller number 
(TN), grain weight (GW), disease severity (DS) and pathogen biomass in stem base (PB-S). 
The square root of TN and DS, and the logarithm of PB-S values were used for correlation 
analysis. Data were calculated on a 'per plant' basis. All measurements in wheat plants were 
made at maturity (GS97) following stem base inoculation by Fusarium pseudograminearum, 
CS3427. Alternative hypothesis: true correlation is not equal to 0 is indicated with * for 
P<0.05, ** for P<0.01 and *** for P<0.0001; n = 66, 62, 64, 66 for 15/15, 20/15, 25/15 and 
20/15oC respectively. 
 15/15 oC 20/15 oC 25/15 oC 28/15 oC 
GW/TN 
GW/TL 
TN/TL 
GW/DS 
0.27* 
0.26* 
0.01 
-0.59*** 
0.19 
0.49*** 
-0.08 
-0.41** 
0.43** 
0.46** 
0.18 
-0.67*** 
0.31* 
0.17 
0.07 
-0.49*** 
GW/PB-S 0.05 0.14 -0.13 0.19 
TN/DS 
TN/PB-S 
-0.20 
0.03 
-0.06 
-0.23 
-0.37** 
-0.14 
-0.14 
0.11 
TL/DS -0.26* -0.38** -0.34** -0.28* 
TL/PB-S 0.04 0.20 -0.30* -0.36** 
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4.5   Discussion 
Global mean surface temperatures are projected to rise over the 21st century, amplifying 
existing risks and creating new risks for natural and human systems (IPCC, 2013). As shown 
in previous work (Asseng et al., 2011, Lobell &  Gourdji, 2012) and in this study, 
temperature plays an important role in influencing crop growth and the productivity of wheat. 
Crop yield, for instance, was reduced in uninfected plants as temperature increased, 
supporting the findings of Asseng et al., (2015) who estimate global wheat production to fall 
by 6% for each oC of further temperature increase. These projections however, largely ignore 
the impacts of biotic risk factors, such as disease, on estimating the future risk of climate 
change on crop production. The present study provided insights to the questions of how 
increased temperatures affect crop growth and productivity of crown rot infected wheat under 
experimental conditions. Crop productivity, measured as GW per plant, was highest at the 
coolest temperature treatment of 15/15oC and generally was reduced with warming with the 
exception of 28/15oC for the inoculated plants. Although these findings largely agree with 
those of Asseng et al. (2015) for uninfected plants, this highlights that yields may not always 
be reduced with increasing temperature following crown rot infection. Another important 
finding in this study was that warmer temperatures (25/15oC and 28/15oC) reduced the impact 
of crown rot infection on GW when compared to cooler temperatures (15/15oC and 20/15oC). 
This was also observed for the majority of individual wheat lines suggesting that although 
disease will still have a negative impact on grain production with rising temperatures under a 
future changing climate, the impact may be reduced.  
 
Mean GW reductions due to crown rot across individual lines were highly variable in 
response to temperature in the present study. Although useful levels of resistance to crown rot 
have previously been reported (National Variety Trials, 2013, Wildermuth &  Morgan, 2004), 
in this study there was no particular trend found between GW reduction for partially resistant 
or susceptible lines. Interestingly, the highest GW reduction was found for the moderately 
resistant breeding line 2-49 at 25/15oC. This shows that GW reduction may not necessarily 
reflect the visual assessment of disease currently defining partially resistant and susceptible 
varieties. Surprisingly, in several instances at the warmer temperatures (25/15oC and 
28/15oC) GW was higher for some lines inoculated with Fusarium compared with plants 
from the control treatment. The reason for this observation is unclear however it is speculated 
that a temperature-dependent resistance gene may be involved. For example, Uauy et al. 
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(2005) reported that the ability of the wheat gene Yr36 to confer resistance to stripe rust is 
temperature dependent, bestowing resistance only under a high temperature regime whilst not 
affecting the plant’s susceptibility at cooler temperatures. Genetic background has also been 
reported to influence the expression of resistance genes (Bariana &  McIntosh, 1994). 
 
Temperature can also have a marked effect on the vegetative development of cereals 
including wheat. In this study, TL decreased with increasing temperature, whilst the number 
of tillers produced per plant tended to increase slightly, for the control samples. Similar 
results have been reported in an earlier study where wheat plants grew taller at the lower 
temperature of 22/12oC day/night compared with 27/12oC day/night, and the number of tillers 
increased with the higher temperature (Campbell &  Davidson, 1979). Friend (1965) also 
reported that an increase in temperature over the range 10-25oC increased the total number of 
tillers under controlled environmental conditions. When disease was introduced in this 
current study TL was reduced across all temperatures. Although Smiley et al. (2005) did not 
investigate the effects of temperature, in the Pacific Northwest states of Oregon and 
Washington, increasing crown rot severity has been associated with a reduction in tiller 
height. No apparent trend in TL with temperature was observed in our study. However, as 
was found for the percentage change of the mean GW per plant from control versus 
inoculated plants, crown rot appeared to have less of an impact on TL reduction at the 
warmer temperatures of 25/15oC and 28/15oC, which was also observed for the majority of 
individual wheat lines. 
 
With respect to TN, at each of the four temperatures there was no statistical difference 
between the control and inoculated treatments indicating that disease did not influence this 
measure. Interestingly, TN has previously been reported to be reduced by a range of diseases, 
including in the presence of crown rot (Plummer et al., 1990, Scott &  Hollins, 1974, Serafin 
&  Simpfendorfer, 2010). Similar to the control plants however, the number of tillers 
produced for the inoculated samples tended to increase with warming. Although the results 
for GW and TN showed similar trends across the two experimental repeats, there were 
significant differences between the experiments. This can most likely be attributed to the 
difference in day length (photoperiod) over the duration of the experiments. The first 
experiment was conducted during warmer months (October to February) where day length 
was longer compared to the cooler months (March to September) during the second 
experiment. Wheat is best adapted to cool growing conditions in Australia where day length 
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is shorter than during the summer period and photoperiod has been shown to affect the 
phenological development of cultivars (Halse &  Weir, 1970).  
 
Overall, there were significant correlations between most measures of crop growth and 
productivity of crown rot infected wheat. In common with results from this study, others have 
also reported that increased grain yields are associated with an increase in the number of 
tillers per plant (Duczek &  Jones-Flory, 1993, Johnston, 1976, Ledingham et al., 1973). 
Interestingly however, modern wheat cultivars which produce fewer tillers and main stem 
leaves than old cultivars, have been favoured in some grain producing regions around the 
world as their ‘tiller’ survival rate is higher, limiting yield losses (Ehdaie &  Waines, 1989, 
Siddique et al., 1989). The positive correlation between GW and TL is also in agreement with 
previous reported results on wheat where taller genotypes had significantly higher grain yield 
than dwarf genotypes (Zafarnaderi et al., 2013).  
 
Similar to other crop diseases such as eyespot caused by Cercosporella herpotrichoides on 
wheat (Scott &  Hollins, 1974), increasing disease severity of crown rot was associated with a 
reduction in GW in this study. This is in agreement with the literature where it has been well 
reported that crown rot significantly reduces crop yields (Burgess et al., 2001, Chakraborty et 
al., 2006, Smiley et al., 2005). Several reports however indicate that there was no significant 
net loss in grain yield in some cropping systems and regions following a moderate level of 
crown rot infection (Bailey &  Duczek, 1996, Burgess et al., 1996). The authors suggested 
this was presumably because the productivity of the tillers which did not show crown rot 
compensated for any yield reduction in tillers that did show disease.  
 
In conclusion, this study clearly demonstrates the important role temperature plays in 
influencing crop growth and the productivity of wheat, of both uninfected and crown rot 
infected wheat. Based on our findings, warmer temperatures associated with climate change 
may reduce the impact of crown rot on grain reduction. A selection of suitable cultivars may 
also help improve grain yield losses due to crown rot under increasing temperatures however 
these may not necessarily reflect cultivars specifically bred for increased resistance to the 
disease. It is important to note that whilst this study closely examined the influence of 
temperature, glasshouse results cannot always be extrapolated directly to field conditions. It 
would be interesting to further investigate the influence of increasing temperature in 
combination with rising CO2 levels on crop growth and productivity in response to crown rot 
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infection, to offer a more realistic assessment projected under future climate change (IPCC, 
2013).  
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CHAPTER 5 
5   DISCUSSION AND CONCLUSIONS 
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5.1   Discussion and conclusions 
Fusarium pseudograminearum is the predominate fungal pathogen causing crown rot of 
wheat in Australia (Burgess et al., 2001). This disease is of major economic importance 
because it can cause yield loss as well as affecting grain quality (Murray & Brennan, 2009; 
Desjardins, 2006). By 2030, the Australian annual average temperature is projected to 
increase by 0.6-1.3oC above the climate of 1986-2005 with mean warming projected to be 
greater in inland Australia, and less in coastal areas (CSIRO &  BOM, 2015). These predicted 
changes in climate are expected to have a direct impact on plant pathogens, challenging crops 
and altering plant disease profiles in the future (Chakraborty &  Newton, 2011, Juroszek &  
von Tiedemann, 2013). In order to safeguard the Australian wheat industry from disease it is 
important to improve our knowledge on pathogen strengths, flexibility, weakness and 
vulnerability under climate change. Thus, the work described here represents new knowledge 
on the potential impact of increasing temperatures on the overall fitness of F. 
pseudograminearum (Chapters 2 & 3), as well as how pathogen fitness is influenced by host 
resistance (Chapter 3). Furthermore, this study has established the effects of increasing 
temperature on crop growth and productivity of selected crown rot infected wheat lines 
(Chapter 4) and explored the relationship between different measures of pathogen fitness 
(Chapters 2 & 3), and crop productivity and growth (Chapter 4).  
  
Overall, this study has shown that temperature influences the fitness of F. 
pseudograminearum during the saprophytic and pathogenic stages of its lifecycle. 
Interestingly, the measures of saprophytic fitness, mycelial growth and fecundity, responded 
differently to temperature compared with the measures of pathogenic fitness: stem base 
browning, pathogen biomass and mycotoxin concentration. Similar to other host-pathogen 
systems though, different pathogen life stages have been reported to vary in their climatic 
susceptibilities (Frazer et al., 2011). Results from this study indicated that the measures of 
pathogenic fitness were reduced with increasing temperature from 15/15oC to 28/15oC whilst 
mycelial growth was favoured at 25/15oC, and fecundity was optimal at both 20/15oC and 
28/15oC depending on PDA strength. This suggests that although the overall pathogenic 
fitness of F. pseudograminearum may be reduced with warming, saprophytic fitness may 
however increase. Increased saprophytic fitness may lead to increased levels of inoculum, 
increasing the risk of infection. Management strategies for controlling crown rot in the future 
must therefore put emphasis on the saprophytic stage of the pathogen and should include the 
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management of stubble where Fusarium survives saprophytically as mycelium and 
macroconidia during intercrop fallow (Backhouse &  Burgess, 2002, Summerell et al., 2001). 
 
The results described in this thesis showed that in addition to the reduction of mycotoxin 
levels with warming, the ability of F. pseudograminearum to produce DON also decreased 
under higher temperatures (25/15oC and 28/15oC). Wheat line also influenced the ability of F. 
pseudograminearum to produce DON. Mycotoxin contamination in grain and stem tissue of 
wheat, resulting from crown rot infection, poses a serious threat to human and animal health 
(Desjardins, 2006). Considering this information, these are encouraging results, based on 
expected temperature increase due to climate change, and useful information in the 
management of crown rot. Further investigation is also warranted into the mechanisms 
associated with the reduction of DON at higher temperatures.   
 
Although a high level of resistance to crown rot amongst wheat lines has not yet been found 
(Burgess et al., 2001), results described from this thesis show that the use of partially 
resistant host cultivars can reduce overall pathogen fitness. Regardless of temperature, all 
measures of pathogen fitness including disease severity, pathogen biomass and DON were 
consistently low for line L22397-120 indicating its superior performance. While L22397-120 
is currently only an experimental line, research should continue on breeding for host 
resistance as this is a key management strategy in reducing crown rot under future climates. 
Other agronomic practices including stubble-management and rotation of crops with resistant 
alternatives are also used to reduce crown rot in the field (Burgess et al., 2001), however 
these practices can conflict with preferred agronomic or economic considerations (Smiley et 
al., 2003). Thus, the use of varieties with disease tolerance or resistance is becoming the 
preferred management practice (Smiley et al., 2003). Furthermore, results from this study 
show that although there was variation between individual wheat lines, the measures of 
pathogen fitness decreased amongst the lines with warming. Consequently, at warmer 
temperatures, the impact of F. pseudograminearum causing crown rot may be less in the 
field, but it will be harder to discriminate between the effects of resistant and susceptible 
lines.  
 
Although global wheat production is predicted to fall by 6% for each degree Celsius of 
further temperature increase due to climate change (Asseng et al., 2015), increasing 
temperatures may reduce the impact of crown rot yield loss as observed in this study. This 
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was also observed for the majority of individual wheat lines suggesting that although disease 
may still have a negative impact on grain production with rising temperatures, the impact 
may be reduced. A major focus on crown rot research has also been to understand the 
relationship between fungal colonisation and visual disease symptoms. However, there have 
been conflicting results published in the literature (Hogg et al., 2007, Knight et al., 2012, 
Melloy et al., 2010). One of the objectives of this work was to explore this relationship, and 
also provide insight on the relationship of other measures of pathogen fitness, crop 
productivity and growth, which have not yet been reported in the literature. Results from this 
study found a significant correlation between disease severity and pathogen biomass, 
however the correlation coefficient was weak and therefore the length of browning was 
considered not a good predictor of Fusarium biomass in the stem base. It will therefore be 
crucial to select, as well as to breed resistant lines based on their ability to prevent Fusarium 
colonisation, rather than just reduce stem browning. Additionally, this will help to reduce 
overall pathogen fitness and improve the management of crown rot, in Australia, in the 
future.  
 
Finally, a strong positive correlation was found between the mycotoxin DON in stem base 
tissue and disease severity. Although the mechanisms behind this relationship were not 
investigated during the course of this research, these results are useful in future disease 
management, for example, disease forecasting. In addition, disease severity was associated 
with a reduction in grain weight across all temperature treatments in this study. Under climate 
change, these results will be important to incorporate in disease forecasting systems. 
Currently, only one model forecasting the risk of crown rot in wheat crops has been reported 
in the literature (Backhouse, 2006), however further work is still required before the model 
can be adopted. Furthermore, there is no forecasting model available to predict concentrations 
of Fusarium toxin (DON) following crown rot. With future climate change there is a strong 
need for the development of such models.   
 
In conclusion, this study has provided significant insight into the effects of increasing 
temperature on an important host-pathogen system in Australia. As the global mean surface 
temperature continues to rise, this study has confirmed Fusarium crown rot may be reduced 
with careful selection of host cultivars, and improved agronomic practices. From the outset, 
emphasis has been on daytime temperatures only, but future research may need to extend 
these experiments to include increasing night time temperatures. Also, realistically, warmer 
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temperatures will be accompanied by rising CO2 levels under climate change. Therefore, 
scenarios such as those outlined by the IPCC should be considered when designing 
experimental studies examining the fitness of plant pathogens in the future. Additionally, 
whilst this study closely examined the influence of temperature in a glasshouse environment, 
translating these results to the field is desirable in future research programs. 
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Supplementary Figure 1   Effect of temperature on (a) length of stem base browning (cm) 
(b) relative pathogen biomass in stem base tissue (PB-S) as measured by Fusarium DNA 
relative to wheat DNA (c) relative pathogen biomass in flag leaf node tissue (PB-F) as 
measured by Fusarium DNA relative to wheat DNA (d) deoxynivalenol content (mg kg−1) in 
stem base tissue (DON-S) (e) deoxynivalenol content (mg kg−1) in flag leaf node tissue 
(DON-F). All measurements in wheat plants were made at maturity (GS97) following stem 
base inoculation by Fusarium pseudograminearum. The central dark line on each box is the 
group median of the measured data, while the hinges of each box represent the interquartile 
range. The whiskers represent 1.5 times the length of the box. Means of the measured data for 
each group is represented by the black dot. 
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Supplementary Figure 2   Influence of eleven wheat lines on (a) length of stem base 
browning (cm) (b) relative pathogen biomass in stem base tissue (PB-S) as measured by 
Fusarium DNA relative to wheat DNA (c) relative pathogen biomass in flag leaf node tissue 
(PB-F) as measured by Fusarium DNA relative to wheat DNA (d) deoxynivalenol content 
(mg kg−1) in stem base tissue (DON-S) (e) deoxynivalenol content (mg kg−1) in flag leaf node 
tissue (DON-S). Lines were selected based on a range of known susceptibilities and 
resistance to crown rot according to published literature (Table 1). All measurements in 
plants were made at maturity (GS97) following stem base inoculation by Fusarium 
pseudograminearum. The central dark line on each box is the group median of the measured 
data, while the hinges of each box represent the interquartile range. The whiskers represent 
1.5 times the length of the box. Means of the measured data for each group is represented by 
the black dot.  
 
 
